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APPUED TECHN4OLOGY LABORATORY POSITION STATEMENT

This report provides the results of the program of deign, fabrication, Integration and test
of the AQUILA (XMOM-1O5) RPV Systemn Technology Demonstrator prepratory to
delivey of thi system to the US Army for engineering design test and force deielopment
te and enpelttln System peformanc presented herein supports the conclusion
that an RPV system can provide capabilities for battlefield reconnopimnce, target acquisi-
tion, and target designation. However, the reader is advised that systemn tests reported
herein were developmoetal In nature and the results are limited. Complete performance
of the AQUILA demnonstrato system can be obtained only through an appreciation of
the results in this report and the results of the Army's engineering deign end force develop-
ment ts to Engineering design tests were conducted by the US Army Electronic Proving
Ground with results published In Final Report/Engineering Design Teat - Government
(E.D-G) of Rtemotely Nioted Vehicle - System Technology Demonstrator, TECOM Project
No. 6-AI.53E-RPV-006, June 1978.* Force Development tests were conducted by the
UOS Army Field Artillery Board and published In Force Development Testing and Experi-
mentation of Remotely Pioted Vehicle System/Final Report, TRADOC Project No.
6-AI-53E-RPV-00, 6 January 1978.**

Mr. Gary N. Smith of the Aeronautical Systems Division served as the Contracting Officer's
Technical Representative for the RPV Systemn Technology Demontrtor Program.

*CDR, US Army Aviation Research and Development Command, ATTN: DRDAV-RP11,
P. 0. Box 209, St. Louis, Missouri

*CDR, UOS Army Combined Arms Center. ATTN: ATCA-TSM-R, Fort Sill, Oklahoma
73503
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SUMMARY

The objective of the RPV-STD program was to provide the Arny with hands-on

experience with modern RPV system capabilities In the field environment so that

the potential value of such systems could be assessed and system requirements

clarified. To provide this experience with effective hardware, without the cost
and time associated with an engineering development program, a short-span en-

gineering program was oonducted In which emphasis was placed on the integration

and adaptation of existing and proven hardware elements. These elements were

drawn from previous RPV programs, military aircraft, general aviation, mis-

sile, and satellite programs. Commercial grade componeats were used, where-
ever appropriate, to minimize costs.

The Aquila RPV configuration was based on a previously flown RPV with an ex-
tensive flight history. The structural design required a completely new develop-

ment using lightweight Kevlar to minimize RPV weight. Flight control compo-
nents were drawn primarily from those previously demonstrated in aircraft and

missile programs; however, the fight control electronics (using a previously

proven concept) was developed specifically for the Aquila application. The

electrical flight control servomechanisms, while based on an existing aircraft
electrical actuator unit, required considerable development before they provided

acceptable control characteristics and reliability. The power plant was evolved
* from an existing go-cart engine with modifications for mounting, propeller drive,

alternator drive, and throttle control. Cooling duct hardware was also modified

to reduce weight. A special alternator, based on a previously proven design,

was procured to provide electrical power. The various payload sensors were
Integrated Into a common electro-optical gimbal unit for Interohmeability. In

addition, an existing aerial photo camera (with modified frame rate control) was
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used. All components were acceptance tested, and system tests were conducted

to ensure subsystem compatibility and function. Two wind tunnel tests, were con-
ducted to evaluate and characterize the RPV configuration. Step-by-step check-

out procedures were developed for system verification and postflight preparation.

The ground support system evolved primarily through integration and adaptation
of existing components. The Ground Control Station (GCS) was constructed using

a standard Army shelter. The control console was constructed using commercial

grade monitors, plotters, and instruments. Commercial grade digital and video

recorders were used for flight data recording. The computer used to checkout

and control the system and to navigate the RPV was also of commercial quality.

An electronic interface unit was developed to Integrate the GCS elements via

proper tie-in and signal processing. Existing data-link elements were adapted

to the Aquila system. The launcher ev6lved directly from a pneumatic launcher

development in a previous RPV program. Launch loads were limited to 6 g.
The retrieval system required considerable development, as it was unique to

the Aquila program. The Initial technique of using a trailing hook on the RPV

to arrest horizontal motion was abandoned in favor of a more reliable ground-

based vertical barrier. Horizontal straps were evolved from a previous RPV
recovery system to arrest the vertical fall of the RPV after absorption of the

horizontal momentum.

Ground tests were used to validate subsystem designs and hardware modifica-
tions, and to develop preflight checkout procedures. Because of the short time

between program initiation and initiation of flight testing (11 months), system

reliability was found to be insufficient to meet program objectives. After 5

months of field operations, and the loss of six RPVs, flight testing was delayed

for 4 months while a program of testing and modification was conducted to Im-

prove reliability. Flight testing was then resumed and successfully completed.

The Aquila system evolution approach made use of existing, proven hardware,

end commeucial-grade hardware to speed system availability at a fraotion of the
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cost of full engineering development. However, to provide an acceptable level of

operational reliability, more extensive development and testing was required than

was indicated in the initial program duilnition. The extended program did provide

the required level of reliability, and the 149 test flights (including 65 contractor

flights and the 84 FDT&E and EDT flights) provided an extensive experience and

data base for Army evaluation,

N I NIf/r

Pill White Section
FDC BIff Se:tioA
UNANVNICT 0
jUSTjSWCATIO .

f

t:5



TABLE OF CONTENTS

Section Page

SUMMARY .... ......... .... ........ 3

LIST OF ILLUSTRATIONS . ........... ........ 10

LISTOFTABLES ..... .............. 15

I INTRODUCTION o........................... 17

II TECHNICAL PROGRAM DESCRIPTION ............. 18
2.1 Design ............... .. . ........ 19

2.2 Fabrication/Assembly/Test ................. 22

2.3 Crows Landing Flight Tests ................. 23

2.4 Fort Huachuca Flight Test - lnitial Phase A ....... 23

2.5 System Reliability Improvement Program ......... 24

2.6 Fort Huachuca Flight Tests - Final Phase A ...... 24
2.7 B Modification Implementation ............... 26

2.8 Phase B Flight Testing .. ....................... 28
2.9 Contractor Validation Achievements ............ 28
2.10 Army System Demonutration ................ 29

m AIRBORNE SYSTEM (RPV) ...................... S0
3.1 RPV Evolution .......................... 30

3.1z.1 Background/Situtio ............... 30
3.1.2 RPV Requirements ................. 31

3.1.8 RPV Evolution Approach ............. 32

3.1.4 RPV Evolution - Genral Aram m .... 34
3.1.5 RPV Evolutiou- Inboard Profile ,....... 46

8.1.6 RPV Voitin- Mas Propes........ 50
8.1.7 EPY EvctdIk- n .......... 54

7



Section Page

3.2 Airframe ............................. 55

3.2.1 Airframe Evolution - Background/
Situation .. . .. . .a .......... o* &oo ooo 5 7

3.2.2 Airframe Structure Requirememts .. . .... 58

3.2.3 Airframe Structure Approach o.... .... 59

3.2.4 Airframe Structure Evolution ......... 59

3.3 Power Plant/Electrical Subsystem . ...... ... 75

3.3.1 Background ..................... 76

3.3.2 Requirements .................. 79

3.3.3 Approach ........ .............. 79

3.3.4 Power Plant/Electrical Subsystem
Evolution .s ............. . ... 80

3.3.5 Propulsion Performance and
Functional Testing . ... .. ..... 97

3.3.6 Electrical Subsystem .............. 107

3o3.7 Fuel System Evolution .............. 108

3.4 Flight Control System . .. .. . .. ... .... ... . 112

3.4.1 Background .. .. ....... ... o ... 112

3.4.2 Approach .... * **................ 113

3.4.3 Requirements . .. . . . . . * . 115

3.4.4 Flight Control and Navigation -
Analytioal Evolution #, o o * o o *...... 116

3.4.5 Flight Control and Navlgatio-Hard*are
Evolution .... eg•g... • •• .e.. 165

3. 5 sors . . ..e s . ...C .. . . .. 176

3.5.8 Aa'osmh o ....-............ ... 183

3.5.4 SerM 3VOem .. . ........ - -- 3i
IV DATA-LDIK TV.= UVOLUTIKM a • • • • • a • • • • • 0 a • • i94

4.1 Bckground............................ 194
4.3 DafuImmts ............... ....... * 195

4.8 staI~nkote~pposoh............. I0



4.-v

Section

4.4 Data-Link System Requiremnts Evolution ....... 195

4.5 Airborne Data-Link Component Evolution ....... 198

4.5.1 Antennas ............. .......... 198

4.5.2 CommandReceiver ........... .... 201

4.5.3 Vldeo Transmitter ... o .... • • .a 202
4.5.4 Encoder-Decoder . .............. . 202

4.6 GCS Data Link Elements Evolution ........... 203

4o6. 1 Tracking Antenna o * • • • . . . . a 203

4.6.2 Command Transmitter •........... o• 204

4.6.3 Video-TM Receiver o e o o .... e o ooo 206

4.6.4 Encoder-Decoder * * . . . ... .. .o .. .. 206

4.7 System Evolution ... ..... .. . ... .. .... 206

V GROUND SUPPORT SYSTEM ................... 209

5.1 GSSEvolution *..*... .**. *...... 209

5.1.1 Background-Sltuation .... ........ 209

5.1.2 GSRequirements .......... o ...... 210

5.1.3 GSS Evolution Approach • * . * . •. • • 211

5.1.4 GSSEvolution ....... **......... 213

5.2 Ground Control Station (GCS) Evolution •........ 217

5.2.1 Background o.................. 219

5.2.2 Approach ....................... 219

5.2.3 Requirements o................... 220

5.2.4 Ground Control Station (GCS) Evolution ... 220

5.2.5 Digital Tape Recorder .............. 237

5.2.6 AirCoditioner-Heater ............. 237
5.2.7 PaperTapeReder *............... 238

5.2.8 VideoReoorders .................. 238

5.2.9 Misoollaaecus ................... 239

5.3 Lamoher System Evolution ............ ..... 241

5.3.1 Background ..... ................ 241

5.3.2 Approach .................... 242

t, 9

I i-



section Page

5.3.3 System Requiranemts •......... .... 243

5.3.4 Evolution ........ ,.. .... .... 244

5.4 Retrieval System Evolution • • # e e • * *...... • • 255

5.4.1 Background . .. .. ....... ........ 255

5.4.2 Approach ........ @ ........ e ... .. 257

5.4.3 System Requirements ... 90.• ••• 260

5.4.4 Evolution of Parallel Strap System e e . • * 262

5.4.5 Evolution of Vertical Barrier System . . . . - 281

VI SITE SETUP AND SYSTEM OPERATION e • * • • .... * 314

6.1 Site Selection and Geometry .... ,..,0....... 315

6.1.1 Launch and Recovery Constraints ....... 315

6.1.2 RPV Control Requirements ........... 317

6.1.3 Additlonal Site Consideratlons ......... 317

6.2 System Operation ........ ....... .. 317

6.2.1 GCS InItialization. ............... 318

6.2.2 Waypont Programmng.............. 319

6.2.3 Prelaunch RPV Checkout ............. 320

6.2.4 Inflight RPV Command-Status ......... 320

6.2.5 Recovery . .,. . . . . . . . . ,, 321

6.2.6 Procedures .. ...... ,.... ........ 321

VII CONCLUSIONS . ................ ... .m.*. .. 323

REFERENCES ... .. ....... .......... 324

10
I



LIST OF ILLUSTRATIONS

Figure Page

1 Initial Program Milestone Schedule Summary ......... 20

2 As-Conducted Aquila Technical Program Schedule ...... 21

3 Sky Eye General Arrangement ................... 35

4 RPV-STD General Arrangement .................. 37

5 RPV-STD Initial Wind-Tunnel Test Model and
Installation in Lockheed 8- by 12-ft Subsonic
Wind Tunnel ........... ..... 39

6 RPV-STD Model in Second Wind Tunnel Test Series
in Lockheed 8- by 12-ft Subsonic Wind Tunnel ......... 40

7 Aquila Drag Polar Evolution With Design Maturity ....... 41

8 Aquila Propeller Thrust Coefficient Estimates -
Variation With Design Maturity •................ 42

9 RPV Configuration With Deployed Recovery Hook ....... 44

10 RPV General Arrangement During Field Testing ....... 45

11 Initial RPV-STD Inboard Profile .................. 47

12 RPV-STD Inboard Profile at the Time of the
Preliminary Design Review ........ ............ 49

13 Aquila Aircraft Weight History ................ 53

14 Aircraft Wing Construotion ........ 0 00.......... 60

-15 Aircraft Fuselage Contruoton • • • • • • • • • a • # • • • •* 61

16 Basic struoaral Arrangment .. .... . • • • • • • * • * • • 66

17 AquilaPowerPlant ........................... 77

1 Faotory Delivered MC-101MC E•ngin .... ........ 81

19 Engne Mounts, Port Side - B Model Engne ..... 83

20 Carburetor Options: From Ldt - MeCulloch/Walbro
BDC-n, TWoivo EL-260, sd Wall" SDC-48 ........ 5

21 Sigle Casrbreor Aqmdk Zng. . .. . ............ 86

22 Throte Cs Limsp- B Model llgl. ............ 90

11



Figure Page

23 Carburetor Cam Throttle Control - B Model Engine .... 91
24 Aquila Propeller Installation ................... 95
25 Altitude Chamber Test Stand ................... 99
26 Engine Horsepower - Single Carburetor ................ 100
27 Full-Throttle Specific Fuel Consumption ............ 101
28 Engine Horsepower - Dual Carburetors *............ 104
29 Partial Load Specific Fuel Ccusumption ............ 105
30 Alternator Output Voltage - Variation With RPM ...... 109
31 Pitch Response to Vertical Step Gust *............. 120
32 Pitch Response to Turn Command *............... 121
33 Aquila Flight 44 Simulated Phugoid Damper Signal ..... 122
34 Aquila Limit Cycle Oscillations for Throttle

Hysteresis, Deadband ................ . . *.see. 125
35 Aquila Limit Cycle Trace for Throttle Hysteresis

Deadband • • • • ....................... 126
36 Aquila RPV Response to Heading Command (H-C = 45 Deg) 129
37 Aquila RPV Response to Heading Command (HC - 0 Deg) 130
38 Aquila RPV Response to Heading Command (HC = 225 Deg) 131
39 Aquila RPV Response to Heading Command (HC = 270 Deg) 132
40 Aquila RPV Response to Heading Command

(V = 100 KEAS, HC = 45 Deg) .................. 133
41 Aquila RPV Response to Heading Command

(V = 100 KEAS, HC = 90 Deg) .................. 134
42 Aquila RPV Response to Heading Command

(V - 100 KEA, HC . 225 Deg) .................. 135
43 Aquila RPV Response to Heading Command

(V - 100 KEAS, HC = 270 Deg) ................ 136
44 Aquila Open Loop Response to Roll (a.) Impulse ....... 138
45 Aquila Open Loop Response to Pitch (6.) Impulse ...... 139
46 Aquila Open-Loop Response to Throttle (6TH) Impulse • o • 140
47 Aquila Response toH' - 8-Deg/Seo Heading Loop

Operatlonl Manual Elevon and Throttle - R, , 8R ..... 141
48 Aquila Response to I -Deg/Sec Hedng Loop

Operational Manual Elevon and Throttle- #, h o o.e... 142

12



Figure Page

49 Aquila Response to Pitch (6 E) Impulse, Manual Eleven
and Throttle Short Period Damper Engaged.. 0a*.... 143

50 Aquila Response to Phugoid Damper Engagement, Manual
Eleven and Throttle Short Period Damper Engaged ...... 145

51 Aquila Response to IC = 3 Deg/Sec Phugoid and Short
Period Dampers Engaged and Trimmed, Manual
Elevon and Throttle .... ..... ...... 146

52 Aquila Response to Engagement of A/S Loop, Phugold
and Short Period Dampers Engaged, Manual Throttle .... 147

53 Aquila Response to IC = 3 Dog/Sec, Phugoid and Short
Period Dampers Engaged Manual Throttle, A/S Loop
Engaged ............. ............ ......... 148

54 Aquila Response to Full Throttle, Phugoid and Short
Period Dampers Engaged, A/S Loop Engaged ......... 150

55 Aquila Response to 1/4 Throttle, Phugoid and Short
Period Dampers Engaged, A/S Loop Engaged ........ 151

56 Aquila Response to Engagement of Altitude Loop ....... 152

57 Loiter Guidance - Effect of Variationin K .......... 156

58 Aquila Approach Simulation ..................... 162

59 Aquila RPV Vertical Errors During Final Approach
Due To 15-Knot Step Headwind Beginning at Varying
Distances Before Recovery ................ ..... 164

60 Aquila RPV Lateral Errors During Final Approach
Due To 15-Knot Step Sidewind Beginning at Varying
Distances Before Recovery . ...... • • • *......... a 164

61 Aquila Launch Dynamics Angle-of-Attack Transients .... 166

62 Aquila Altitude Profile - Automatic Launch ........... 167

63 Development Baseline Configurations, Phases I
ThroughV .............................. 184

64 Aquila Payload Sensors ........ ••••.......... 186
65 Original Antenna Location •..................... 200

66 Antenna Looation Mod A *....e..• ............. 200

67 Summary of theG CS Antenna Changes g.....,. 205
68 Initial Aquila Site Layout ..... ....... . ........ 214
69 Aquila Site Layout- Preliminary Design Review ,.,.... e215

T0 Aquila Sit yout With Truok-Mounbed GCS and
LAinohr ... ... .,. ........... 216

18



Figure Page

71 Final Aquila Site Layout ....................... 218

72 Initial Ground Station Shelter Configuration .......... 221

73 Ground Control Station - Final Equipment Layout ...... 222

74 Initial Ground Control Console Equipment Layout ...... 224

75 Ground Control Console Soft Mockup • • • . ........... 225

76 Final Ground Control Console Component Location ..... 227

77 Sensor Control Panel- GCS ........... ° .... • 229

78 RadIo Control Unit and Autopilot Mode Test Box ....... 240

79 Launcher Assembly ......... °........ 246

80 Evolution of RPV Launcher Shuttle Design o .. a.o.. 247

81 RPV Launch Velocity Versus Weight, Pressure • • & .... 253

82 RPV Acceleration Versus Velocity ............... 254

83 Photographs of Sky Eye Flight RetrievalSite o o ...... 258

84 Photographs of Sky Eye Flight Retrieval ... •...... 259

85 Sketch of Aquila RPV in Final Approach to
Parallel Strap Retrieval System ........ • ..... 263

86 Aquila RPV In Final Approach Before Retrieval •.•... 265

87 Aquila RPV Decelerating After Hook Engagement,
Before Landing in Net o . .... * 265

88 Aquila Inert Test Vehicle (ITV) in Process of Retrieval
During Simulated Flight Test to.o ".e.so.o ..... o. 266

89 Acdeleration Data From 9-4-75 Static Drop Tests ...... 270

90 Acceleration Data from 9-19-75 Static Drop Tests ...... 271

91 Axial Deceleration Data (ITV) ...... ..........0 277

92 Typical Hook Engagement of ArresOng-Line Array ..... 278

93 Engagement Hook Assembl y ..... ................ 279

94 Sketch of Aquila, Showing Deployed Hook Assembly
Before Arresting Line Engagement ................ 280

95 Vertial Barrier ystem Concepto•• p............ 282

96 Operational Oonept of Vertical Barrier System .... ... 283

97 Inert Test Vehicle Mounted on Pnumatic Launcher
forfRetrievalTet ,.....,. *.... ......... ,.... 288

96 RPV Airframe Test Vehicle in Battery Posidton Befre
Lamoh Into Vertical Barrier Retrieval System ........ 290

==o



Figure Page

99 Retrieval of Inert Test Vehicle .................. 293

100 Three-Axis Force Traces of Loads Experienced by RPV
Structural Test Vehicle During Launch and Retrieval .... 298

101 Forces, Revolutions, and Time Traces of Hydraulic
Energy Absorbers During RPV Retrieval ............ 300

102 Maximum Axial Deceleration Loads Imposed on RPV
by Vertical Barrier .......................... 302

103 Longitudinal Force Trace as Affected by Application of
Elastic Line Load to RPV ...................... 303

104 Maximum Vertical Deceleration Loads Imposed on RPV
byHokisontal Landing Net 305

105 Viscosity of Hydraulic Fluid Used in Energy Absorbers. 306

106 Aquila RPV Being Decelerated by Engagement With
Vertical Barrier .......... 308

107 Aquila RPV at Nearly Full Arrest by Vertical Barrier ... 309

108 Aquila RPV at Rest In Horizontal Landing Net After
Successful Retrieval .... 310

109 Maximum Velocity of Headwind Against Which Vertical
Barrier Will Remain Erected (Hold-Back Brake
Release Load of 160 lb on Each Energy Absorber) ...... 312

t6I
iI

I i II I I I



LIST OF TABLES

Table Page

1 Typical Weight Savings ........................ 51

2 Historical Variation of Sensor and Fuel Weights ....... 52

3 History of RPV-STD Component Weghts .e, ......... 53
4 RPV Performance Evolution ................. • • • 56

5 Margin of Safety Summary Table .. .... .......... a 69

6 Engine Candidate Comparison ........ • .......... 78

7 Alternator Comparison • * * * o # e * . o a * * * o a a 107

8 Initial Phase I, Real-Time TV Surveillance Sensor
Specifications ............. . * ......*.* 178

9 Initial Phase II, Photographic Reconnaissance Sensors
Specificatio ........... 0 a................ 0 00 00 179

10 Initial Phase I, Target Acquisition Sensor Specifications 180

11 Initial Phase IV, Target Location and Artillery Adjustment
Sensor Specifications .... .. .. . .. .. .. . . .a * a. • 181

12 Initial Phase V, Target Designation Sensor Specifications 182

13 Link Analysis - Original Data Link .............. 197

14 Link Analysis- "A" Change 197

15 Link Analysis - "B" Change Final Configuration ...... 198

16 Launcher Test Summary ..... ................ 252

17 Comparative Characteristics of Various Retrieval
Systems ................................. 256

18 Results of Static (ITV Drop) Tests of 9-4-75 *........ 268

19 Results of Static (ITV Drop) Tests of 9-19-75 ........ 269

20 Results of Dynamc (ITV Engagement) Tests ......... 273

21 Test Data Summary (Development Tests Conducted at
Facilities in Wilmington, DE) ................... 291

22 Test Data Summary (Development Tests Conducted at
Facilties In Fort Huachua, AZ) ... .. .......... 292

16



Section I
INTRODUCTION

* This volume, Volume II of three, describes the evolution of the system hardware
elements. Section II of this volume describes the technical evolution program.

* Sections MI, IV, and V describe the evolution of the RPV, the data link, and the
ground support system elements, respectively. Section VI describes the site
setup and the system geometry. Section VII states the conclusions relative to
RPV system development.



Section II

TECHNICAL PROGRAM DESCRIPTION

The Aquila Remotely Piloted Vehicle System Technology Demonstrator (RPV-STD)

Program originally consisted of a 25-month program. The program was structured

on three key technical features:

e Use of proven hardware:
- Launcher. Derivative of a previous subcontractor design

- Airframe. Derivative of a previous subcontractor design with 60

successful flights

- Egino. Successful demonstrations on Army, NASA,and Air Force

RPV programs

- Data link. Proven design hardware modified for Installation

- Servos, accelerometers, and rate gyros. Off-the-shelf proven

hardware

* Use of proven technique:

- Autopilot. Mechanization technique proven on Lockheed and Air

Force RPV programs

- Sensors. Techniques validated in Government laboratory tests

- Retrieval system. Adaptation of design used for larger aircraft

- GCS. Derivation of the technique used for Air Force RPV program

" Positive margin of system performance:

- RPV. Weight margin to accommodate additional payload and/or

full capacity; structural margin to minimize damage and permit

repair and rally capaility

- Launcher. Weiht, margin to accommodate increases in RPV weight

- Rmrieval sysem. Oversized to accommodate unknowns in retrieval

accuracy

- GC. Additional computer core capacity for poteantial increased

demands m software

16



Based on these precepts, the program assumed an optimistic, success-

oriented nature. The original schedule, as proposed in Figure 1, reflects

those characteristics as follows:

* Early design commitment. Preliminary Design Review (PDR) In 6

weeks; build-to-baseline definition in 4 months, test-to-baseline in

6 months.

* Compact schedule. First flight scheduled 2 months after build-to-

baseline defined; initial system acceptance 2 months after completion

of Initial flight; completion of all hardware deliveries 17 months after

contract award

" Minimal contingency planning. Overlapping of design validation and

system validation flight testing without adequate allowance for analy-

sis, resolution, and verification of resolution to flight anomalies.

This approach was taken to provide urgently needed data to the Army for pro-

gram decisions. The approach produced hardware early, provided for early

recognition of deficiencies and their correction, and provided early operational

data.

2.1 DESIGN

The final evolution of the Aquila Technical Program i described in Figure 2.

This figure presents a program schedule showing the relationship between the

key program phases and milestones. The following paragraphs discuss the

phases and milestones, and reference to this figure will be beneficial to the

reader's understanding.

The Aquila program contract was awarded on 20 December 1914. The Prelimi-

nary Design Review (PDR) was held on 5-6 March 1975. Ths review confirmed

the technical approach and hardware selections as originally proposed with one

major xoption. A cost, schedule, and technical risk comparative study was

10
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performed between the originally proposed Westinghouse Blue Spot sensor and the

Honeywell Poise sensor. The results of this study were reviewed at the PDR and

the decision was made to change the baseline to the Poise sensor.

Changes recommended in the PDR were incorporated during March and April 1975
as the detailed design phase progressed. Design reviews were held at each of the

subcontractors during April and May to finalize design and to confirm interfaces.

The result of all these efforts was the achievement of the 90-percent design

release point in mid-June 1975.

2.2 FABRICATION/ASSEMBLY/TEST

Fabrication and assembly of Lockheed-provided hardware began in May 1975.
The first Developmental Sciences Inc. (1)) airframe (RPV-001) was received

on 28 July 1975 and required additional efforts to correct Interface discrepancies

and to effect weight reduction changes for subsequent airframes. RPV-001 with
subsystem hardware Installed was released to Test Engineering on 27 August

1975. On the same date OCS-001 was also released to Test. Ground checkout

of both elements commenced on 28 August 1975.

The first All American Engineering (AAE) launcher was delivered on 19 Septem-

ber 1975. Launcher mounting on the M-36 truck, installation of a new skeg
release mechanism, and interface validation with the engine started were com-

pleted and the tested launcher system was shipped to Fort Huachuoa in late

November 1975. The first retrieval system was received at Fort Huachuca

directly from AAE. RPV-001 was completed and system ready on 30 November

1975. UCS-001 and RPV-001, with landing gear installed, completed their final

checkouts and were on site at Crows Landing Naval Awdliary Landing Field on

16 November 1975.
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2.3 CROWS LANDING FLIGHT TESTS

Taxi tests with RPV-001 at Crows Landing were completed as precursors to the

takeoff and landing of RPV-001 on 1 December 1975. In all, six successful
flights were carried out through 12 December without loss of RPV and for a total
flight time of 90 min. The objectives that were accomplished on these flights
included determination of the following:

e RPV airworthiness

$ Autopilot capability

e RVP/GCS Integrated performance

2.4 FORT HUACHUCA FLIGHT TEST - INITIAL PHASE A

GCS-002 launcher and retrieval systems were checked out and readied at Fort
Huachuca. The landing gear was removed from RPV-001 and minor refurbish-
ment accomplished before shipment. At Fort Huachuca a complete system

checkout was accomplished in time to support Flight 7, the initial Fort Huachuca

flight test, on 22 January 1976.

Between that date and 28 March 1976, there were six additional flights at Fort

Huachuca, Flights 8 through 13. During these seven flights, the following
flight test objectives were accomplished:

e Acquisition of data base to support automatic launch decision

9 Verifloation of waypoint navigation

SContinued aocrual of RPV performanoe data
e Continued dtion of RPV/GCS integrated performance
e Limited parallel strap retrieval system evaluation

On sfx of the seven fli&s the RPV wus lost; four of the six orashes were attrib-
uted to system desig deflolciaes, two to human factorm/procedural errors.

Is



The fact that the causes of these crashes were irregular and neither repeated

nor associated with the same hardware component led to the conclusion that the

.level of system and design matu-ity and level of flight confidence testing were

inadequate to support a successful field flight test program.

On 4 May 1976, Fort Huachuca flight testing ceased, immediately followed by

the issuance of a series of instructions which resulted in implementation of the

Aquila System Reliability Improvement Program.

2.5 SYSTEM RELIABILITY IMPROVEMENT PROGRAM

The purposes of this program were to review, evaluate, and test the suspect ele-

ments of the system, to determine the areas of inadequacy and low reliability, to

devise acceptable system improvement changes, and to perform simulations and

system confidence testing to validate the acceptability of the improvements.

For 4 months, May through August 1976, all efforts were directed to implement

this program - e.g., risk reviews, system reviews, independent Army team

reviews, flight anomaly reviews, parachute backup recovery system Imple-

mentation, increased system flight confidence testing, hardware and software
improvement modification, additional system simulations, procedural r~vi-
sions, and strengthening of test operations capability. At the completion of

these efforts, an Airworthiness Review was held at Lockheed on 3-4 August

1976. On the basis of information premted in this review, which verified that

all flight critical chans and recomm dations had been incorporated, the

decisison was made to resume flight testing at Fort Huachuoa.

2.6 FORT HUACHUCA FLIGHT TESTS - FMNAL PHASE A

Tslin operaies resumed at Fort Hwmwhoa oa 25 August 1976, with the first

fVi&h occorft~n 13 September Mg7. The original M&gh test planning was re-

vised to (1) pre lude -snsor te sg tuUl U.PV sad C8 systems were validated,

(2) reflect the lodcal deratic f reirements that evolved from

24



the System Reliability Improvement Program, and (3) provide conservative

planning by scheduling contingency flights. This revised planning resulted in
14 flights whose basic objectives were to validate the following:

e Automatic launch

* Waypoint navigation

* Search and loiter patterns

* RPV flight performance
SSemi-automatic recovery

9 RPV/GCS interface

* Software verification

* Procedures evaluation
9 Army crew training

Sixteen flights (Flights 14 through 29) were actually required to complete this
phase of the Itogram. All objectives were achieved except for the moving box

search pattern and the dead reckoning mode of waypoint navigation. These ob-
jectives were delayed due to lack of validated software or minor flight control

hardware deficiencies. The first seven flights, which occurred between 13 Sep-

tember and 2 November 1976 (Flights 14 through 20), were conducted from the
RPAODS site; the remaining nine flights, which ocpurred between 15 November
and 21 December 1976 (Flights 21 through 29), were from a more open site at
Sycamore Canyon. The move to Sycamore Canyon was made to allow flight

operat*s out to a range of 20 km.

The system was configured with ncorporation of all changes agreed on during

the Aiftorthlness Review of 3- 4 August 1976. The radio control (RC) recovery
mode was retained for use In su rt of the validation of automatic launch and
retrieval ad as a backup flight mode when the RPV was in visual contact.I

During the 4 amt, 16 flghts were flown with loss of only 2 RPVs; i.e., one
due to a low qpvsah duiag-UC t 14) and th. other a procedural-
ardwm .MEmefth debg tamfefr ad ocatol beh. 3C pilot mad RPV
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operator (Flight 19). There was one aborted flight due to errant data-link per-

formance (Flight 25) without loss of RPV. Following Flight 14 on 13 Septem-

ber 1976,the decision was made to replace the parallel strap retrieval system

with the trailer-mounted vertical ribbon barrier retrieval system. This

change was brought about because of problems with arresting array rigging,
overall complexity of operations, frequent replacement of components and
adverse impact of the trailing hook assembly on RPV performance. After

Flight 14 the only RPV loss was associated with the procedural-hardware

malfunction on Flight 19.

2.7 B MODIFICATION IMPLEMENTATION

At the conclusion of the Phase A Aquila flight test activity, there were still

system improvements that had not been implemented. Those improvements
not implemented were (1) noncritical flight system improvement changes,

which were bypassed to concentrate on higher priority improvements for tests at

Fort Huachuca, (2) nonflight initial system improvements identified during final
Phase A flight testing at Fort Huachuca, and (3) system modifications required

to support the sensor-mission validation (Phase B) flight testing.

During the period from January through March 1977, the system improvements

or B modifications incorporated included the following:

" RPV-GCS electrical and mechanical changes to accommodate sensor

Installation and functional performance

0 Dual-carburetor-system imnrovemnis to Increase engine perform-

mace and improve accessibility

" OCS tracking antenna Improvements to Increase performance and

resolve roll instability problem

" RPV-GCS electrical and mechanical changes associated with deletion
of backup parachute system

" RPV mechanical and electrical dosp Improvemments associated with

Installatlon of new accelerometers and servo motors to Increase RPY
reliability
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o Software changes to imporove system performance in areas of search

patterns, final approach pattern abort options, dead reckoning, roll

stabilization, targeting computations, and sensor capabilities

During this period Army crew training continued. Eight training flights for the

U.S. Army Electronic Proving Ground (USAEPG) crew were scheduled and eight

successfully flown. The first, Flight 30, was flown on 19 January 1977 and the

last, Flight 37, was flown on 23 February 1977. Primary objective of these

flights was USAEPG crew training, but some secondary objectives were accom-

plished as follows:

" Roll instability evaluation
" Dead reckoning evaluation

" Retrieval system rerlging demonstration (time < 5 min)

" Cross-wind retrieval demonstratiOn (18 km/h)

" RPV performance evaluation

By the middle of March 1977, the evolution of several significant B modifications

had matured to the point where flight verification was required. Phase B RPVs

were a month away from delivery; therefore, two Phase A RPVs were modified

to accept the select B mods.

Four flights were scheduled and all four were successful; the first, Flight 38,

was flown on 1 April 1977 and the last, Flight 41, was flown on 22 April 1977.

The following system performance evaluations were accomplished:

o Now accelerometer

o Relocated RPV command antenna

o GC with B mods

* Engne with B mod dual carburetor Installation

o Now propeller
* Roll stability resolution mod

2'



" Heading hold/dead reckoning mod

" Data link (C3 and video) at 20 km and 1,000 ft/2,000 ftAGL

* RPV position accuracy

" Final approach software

2.8 PHASE B FLIGHT TESTING

The phase B flight test activity followed in the successful footsteps of the B

mod flight testing. The initial flight, Flight 42, was flown on 28 April 1977

and the last, Flight 65, was flown on 10 July 1977. During this period, 24

flights were flown with only one, Flight 48, resulting in the loss of the RPV.

The cause of RPV loss was a human factors error. During the process of

changing retrieval nets due to a wind shift and while the sensor operator was

aligning the ground camera, the RPV operator's video was dimmed to force

the student to concentrate on instruments. During this period of no RPV video

presentation, the RPV struck a hill south of the GCS. Subsequent investiga-
tion revealed a calibration problem in the GCS altitude circuits, which resulted

in erroneous altitude commands in manual mode; this fact contributed to the

problem but could have been avoided with proper RPV video monitoring.

The 24 flights are reported in Volume III of this report.

2.9 CONTRACTOR VALIDATION ACHIEVEMENTS

At completion of the Aquila contractor validation testing, the following system

characteristics and objectives had been demonstated.

* Automatic launch

e Semliomatic rooovery

" Unstabilized sensor performance
" StabWlisd sensor porformaone

" Panoramic cama (86-mm performanoe)
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* Fully automatic waypoint guidance

* Endurance of 3+ hours

o Range of 20+ km
* Area surveillance

* Target detection and recognition

e Sensor lock-on and oentroid tracking
* Laser target designation

2.10 ARMY SYSTEM DEMONSTRATION

The Army began system demonstration flight testing at Fort Huachuca using
Lockheed-trained Army crews from U.S. Army Field Artillery Board (USAFAB),
Fort Sill, Oklahoma, and U.S. Army Electronics Proving Ground (USAEPG),
Fort Huachuca, Arizona. The first flight oocurred on 20 July 1977, and by the
last flight on 18 November 1977 the Army had completed a total of 84 flights

In their test program. During this period an average of one flight per day was
achieved and, on occasion, two flights per day were achieved with less than
one hour turnaround time. In total, 149 flights of Aquila were made during the

System Technology Demonstrator program.
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Section III

AIRBORNE SYSTEM (RPV)

The Aquila airborne system (RPV) consists of:

o Airframe

" Power Plant/Electrical Subsystem

" Flight Controls

" Sensors

" Data Link (airborne elements)

The RPV and its elements, as delivered to and tested by the Army, are de-

scribed fully in Volume I of this report, "Aquila System Description and

Capabilities. ", This section describes the engineering analysis design, devel-

opnent and testing involved in the evolution of the RPV and its subsystems.

3.1 RPV EVOLUTION

The integrated airborne system evolved from the variety of technologies, com-

ponents, and techniques drawn from previous and on-going RPV, aircraft, and

sensor programs. The Aquila program requirements were examined in light of
these existing capabilities, and the design and evolution approach was defined

and accomplished. This process of evolution for the Aquila RPV is defined in

the following paragraphs.

3.1.1 Background/Situation

A variety of ontrator- and Government-fundd RPV and seor programs had

been completed with various degrees of success at the time of initiation of the

Aquila RPV procurement. Several RPV programs, including Aequare (ARPA/

USAF), RPAODS (U.S. Army), Praeire I, II (ARPA) and Savoir (U.S. Army)

8o



had demonstrated the ability of a minl-RPV and general requirements for carrying

modern targeting mseors. However, these early systems required close engineering

attention to operate and maintain, proved marginal or inadequate relative to flight

performance, and were deficient in terms of field operations characteristics for Army

'%ands-on" operations.

Direct LMSC experience with the Lockheed "Tuboomer," the ARPA/USAF Aequare,

and other Lockheed RPV designs and other contractor experiences supported the

conclusion that an effective mini-RPV design could be built and produced in sufficient

numbers and with sufficient design maturity to support a comprehensive Army field

evaluation of RPV capabilities. Evaluating the history of mini-RPV programs, the
Army derived a realistic set of specifications for an RPV system technology demon-

stratio program. Specificatians for the RPV of this system are indicated in the

following paragraph.

3.1.2 RPV Specifications

The contract specifications for the Aquila RPV as an integrated flight vehicle are

summarized as:

e Performance

- Cruise airspeed (band) - 75-120 KEAS

- Maximum cruise altitude - 12,000 ft MSL
- Time to climb 0-10,000 ft MSL- 15 min

- Takeoff/land conditions -4,000 ft MSL 95"F

- Typical operational altitude - 2, 000 ft AGL

- Winds (maximum for operation) - 20 knots, gusting to 35 knots

- Endurance - 1..5 hr (minimum)

- Operating radius - 15-20 km from GCS

81
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" Mass Properties

- Gross weight - 120 lb maximum

- Maximum payload capability- 30 lb

* Design
- Structural design load factor - 6 g

- Interchangeability of payloads - Phase I through Phase V

- Sorties per day - 4 (maximum)

- Total sorties per aircraft - 15 (maximum)

- Approach - Simple/low cost

- Skill level of personnel - minimum

- Detectability/observability - minimum

- Design level - limited production

Further experience in the RPAODS test series led the Army to require the use

of a flight-proven air vehicle design. The LMSC approach to meeting these

requirements is indicated in the following paragraphs.

3.1.3 RPV Evolution Approach

Following a review of available RPV technology and related program experi-

ence, LMSC made the following selections as baseline elements upon which to

base the evolution of the RPV-STD air vehicle to meet the Army requirements:

General Arrangement DSI ft Eye RPV

Power Plant MoCulloch MC 101 esugin/DuFresne
Alternator

Flight Control Autopilot LMC nPV Autopilot
Sensor Oz D1m Spot

During the proposal effort, LUIC ideatied the basio adaptatons necesary to

Inoorporate these and other elements into an effective RPV design. Thee

adapations Include,
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* General Arrangement. Modify the Sky Eye contours to fit the RPV-

STD requirements and to reduce observability, derive an internal

arrangement to support access, installation, checkout and cooling,

and to balance the RPV for stable flight. Wind tunnel test the con-

figuration to verify stability, controllability, and performance

characteristics.

* Power Plant. Convert the MC 101 engine to an aircraft power plant

with adaptations for the propeller, suitable carburetion, fuel system,

engine rpm control, cooling, and shock mounting. Procure a

DuFresne alternator and couple it through a flexible drive to the

engine. Characterize the resulting power plant in altitude chamber

tests, and establish assembly specifications and test procedures.

* Flight Control Autopilot. Adapt the second generation LMSC auto-

pilot concept to the RPV-STD, adding way point, dead reckoning and

specific discrete signals. Package the autopilot for the unique RPV

application. Test the autopilot components and functions, and evolve

checkout procedures.

* Sensor. Adapt the GE Blue Spot sensor to the RPV-STD mission

requirements and procure a family of sensors - unstabilized TV,

stabilized TV with scene tracker, laser ranger, and laser designator -

in the Blue Spot form factor for interchangeable installation in the

RPV.

Accommodations built into the RPV for interfaces with the launcher, retrieval

system, and ground handling equipment were kept to a minimum ;i/th most of

t the compromises assigned to the ground-based elements.

IUsing tis basi ampsoh, l evolution of the RPY began at LMSC In the

sammer of 1974. That evolution Is discussed below.



3.1.4 RPV Evolution - General Arrangement

In preparation for the RPV-STD program, several designs were evaluated by LMSC.

in keeping with the Army requirement to use a flight-proven RPV, the Sky Eye

(Figure 3) with over 60 successful radio-controlled flights was selected as the starting

point for the Aquila airframe and Developmental Sciences, Inc., the Sky Eye developer,

was selected as the airframe subcontractor. After selection of the basic airframe

design arrangement, the design was examined against the specific requirements of

the proposed program to identify design improvements. The resulting configuration

is shown in Figure 4. Some of the major changes from the Sky Eye were:

" Landing gear removal and adaptation for catapult launch and hook

recovery

" Reduced propeller shroud size for reduced observability

* Blended wing-body for reduced observability and increased performance

* Minor wing twist and dihedral change to account for body geometry

changes
* Eliminated a float type carburetor for the engine

* Increased structural capability

A wind-tunnel test of a half-scale model of the resulting configuration was per-

formed in August 1974 at Lockheed's low speed 8- by 12-ft tunnel in Burbank,

Californa. Figure 5 shows the RPV in its test arrt. The purposes of

this test were to:

" Obtain static stability derivatives and control coefficients to allow

formation of the autopilot design.

* Obtain data for basic aircraft performance characteristics.

" Determine engine power effects on performance characteristics.

" Study a limited amount of flow field characteristics.
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Figure 5. RPV-STD Initial Wind-Tunnel Test Model and Installation
in the 8- by 12-ft Subsonic Wind Tunnel

Following initiation of the program in December 1974, a second wlndtunnel

test was performed in February 1975, with the model modified to reflect the

evolving configuration. Some of the objectives of the second wind-tunnel test

were to obtain stability and performance data including the following:

" Inclusion of a payload protector and recovery hook

" Definition of the effects of a modified duct

" Definition of the effects of the Bagley/Beasley wing tips

" Definition of the effects of a drag brake

" Calibration of the onboard air data system

s Definition of the effect of increased elevon deflection angles

o Definition of the effects of an upright engine installation

9 Definition of the effects of a larger sensor dome

Figure 6 shows the revised model In the 8- by 12-ft wind tunnel.

As a result of the wInd-tunnel testing, It was determined that for the selected

range of center-of-gravly locations (21% MAC *1%) the RPV would be stable

"
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a. RPV-STD Model With Recovery Hook, Payload Protector, Drag Brake,
and Upright Engine Fairing

b. RPV-STD Model With Large Payload Dome ad Film Camera Geometry

Figure 6. RPV-ern Model In Seoond Wind Tunnel Test Series
in the8- by 2-ftSubonic WinldTunnel
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and controllable in all three stability axes. Drag and propeller thrust effici-

ency data, as they varied throughout the program, are shown in Figures 7 and

8. The low level of drag indicated in the first wind tunnel test series (Figure 7)
supported performance levels equivalent to or greater than those goals cited in

the contract statement of work. As the RPV design evolved and was better

defined, the estimated drag of the system increased. This increase in drag

evolved from a multitude of design changes and from manufacturing techniques

that were undefined during the initial evaluation. Factors that increased

the drag during the RPV development include:

" Recovery hook drag higher due to required configuration

" Gaps and slots in doors and joints larger than anticipated

1.4
MAX.

CURVE L/D DATE

1.2 - W.T. TEST - PROPOSAL 18.8 AUG 74
W.T. TEST- CONTRACT 12.7 JAN 75

@ WITH RN & TRIM EFFECTS 13.3 FEB 75
. WITH PROTUERANCES & COOLING 11.7 AUG 76
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Figure 7. Aqaila Drag Polar Evolution With Design Maturity
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Figure 8. Aquila Propeller Thrust Coefficient Estimates -

Variation With Design Maturity

" Payload protector not faired In stowed position an originally intended
" More cooling air (cooling drag) required than anticipated
* Skin roughness greater than anticipated (minimum resin to reduce

weight)
* Protruding wing tip fasteners required
* EU antena drag higher than anticipated (internal Installation originally

planned)
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" Trim deflection (and drag) higher than predicted

" Push pad (launcher interface) load distribution channels produced added

drag.

Similarly the propeller efficiency in the pusher arrangement appears to be

significantly lower than originally assumed.

The final drag polar and propeller efficiencies (Figures 7 and 8) are estimated,

both in level and distribution, from flight test data. Since the flight perform-

ance of the Aquila RPV-STD proved to be adequate to perform the field evalua-

tion, expensive and time-consuming drag reduction efforts to restore perform-

ance to predicted levels were not conducted. Various propellers were tested,

however, to improve low-speed climb performance at the expense of the maxi-

mum speed.

LMSC-L028081 (Reference 1) summarizes the wind tunnel test data and aero-

dynamic analysis of the Aquila RPV. Throughout preliminary design, the general

arrangement remained relatively fixed. At the preliminary design review, the

only observable changes from the originally proposed configuration were the ad-

dition of the large dome (to reflect the change to the "Poise" family of sensors),

"inversion" of the propeller shroud support arrangement to improve engine ac-

cess, support of duct loads during emergency skid landings, and provision of a

solid support for the recovery hook assembly. Mylar prints of the mold lines of

the configuration were developed at this time by LMSC and provided to the air-

frame subcontractor for mold development (see Volume I for mold line descrip-

tion).

Figure 9 shows the recovery hook assembly as proposed and as flown. The re-

covery hook assembly (described in the recovery system section of this report)

was ultimately placed within a fairing in front of the lower propeller shroud

support. In this stowed position there was no significant effect on aerodynamic

stability or performance. In the deployed position, however, the fairing

extended well below the RPV, and with the hook pole'assembly, produced sig-

nificant drag and nose-down pitching moments. This effect contributed

(1) Lockheed Missiles & Spaoe Co., Inc., Aquila BPV Wtst Test 1Rlt
CDRL A0ND. Aerod omics, LMC-L08081, ie, Calif., May 1977
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directly to the loss of RPV 002 in test flight 9 at Fort Huachuca. These effects

also complicated the job of the RC pilot In recovering the RPV with the recovery

hook arrangement. These difficulties plus design and logistic problems ultimately

led to the deletion of the hook assembly and adoption of the vertical barrier recovery

system.

The general arrangement, frozen shortly after the preliminary design review

in April 1975, remained relatively fixed from that time until initiation of field

testing. During field testing, the deletion of the spinner and the hook recovery

system and some minor antenna relocations finalized the configuration.

Figure 10 shows the RPV mounted on the launcher during field tests at Fort

Huachuca. The ,nfaired, stowed payload protector, the large payload dome,

the cooling air ducts (nose and wing), the launch push pads and load distribu-

tion channels, the deletion of the recovery h~ok assembly, and the deletion of

the spinner can all be observed in this figure.

Figure 10. RPV General Arrangement During Field Testing
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3.1.5 RPV Evolution - Inboard Profile

The inboard profile of the Aquila RPV-STD evolved parallel with the general

arrangement. Overall height and length dimensions of the fuselage were se-

lected for compatibility with the major subsystems, e.g., payloads, engine,

fuel tank, and autopilot. The resulting aerodynamic fairings produced a gen-

eral arrangement which provided generous volume for the internal placement

of subsystems. Subsystem placement was driven by considerations of balance

for stability, access for checkout and installation, mounting provisions, and

favorable flow of cooling air.

The initially proposed inboard profile is shown in Figure 11. This arrange-

ment reflects the original consideration of the Blue Spot family of payloads.

The originally inverted engine (Sky Eye) arrangement was abandoned for im-

proved access to spark plug and carburetor installations, for improved fuse-

lage fairing, and to prevent fuel and oil from gravitating to the spark plug and

causing fouling during rich starts. The fuel tank was placed to minimize

center-of-gravity shift during flight. The flight control electronics package

was shaped to lay over the payload installation. Flight Control sensors,

electrical system, and data link elements were housed in the nose. Access to

the internal elements was planned through two large doors on the upper surface,

a removable n"e fairing and a removable engine cowl.

Changing to the Poiue famly of payloads early in the contract led to a signifi-

cant rear-- of iustral compoamt a shown In Figure 12. The larger

volume sensor unit required a undmfted las don for the 85-mm film cam-

era, forcing It to the next bay aft. The payloed 41ect o paOckge was moved

forward to the nose bay. The autopiot was repakqad and moved aft. Also,

the data ink encoder decoder was M Ue N -mgf t fit Wil& the auopilot enclo-

owe to save weight by duleftg do ioiw emGMomr. The commad receiver
and power supply (_81Iem W" Phw e I d under the ight coaufel eleo ms
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package on the same bulkhead. The gas tank compartment was flattened and
moved to the top of the compartment to clear the film camera. The position
on the center of gravity was maintained. This arrangement evolved to the
final configuration, which is described fully In Volume I of this report. This

internal arrangement, like the general arrangement, became basically frozen
shortly after the preliminary design review. Throughout the evolution of the
internal arrangement, consideration was given to maintaining adequate cooling
air flow for the heat-generating components. Access doors were sealed to
ensure that the air flow from inlets in the nose and wing stub flowed through

the body and into the engine cooling fan. As part of the reliability improvement
program in 1976, the effectiveness of the cooling air was evaluated. Temper-
ature surveys were made and, as a result of these surveys, a larger heat sink
was added to the voltage regulator, a larger air passage was provided behind
the wing scoop for the avionics compartment, and ventilation ports were added
to the flight control electronics package enclosure. While no flight failures
had resulted from overheating, these changes were made to provide more
cooling margin.

3.1. 6 RPV Evolution - Mass Properties

The goal established by the Army for maximum all-up RPV weight was 120 lb.
The primary reason for this goal was the desire for ease of handling by two
people. Initial estimates indicated that the maximum RPV wet weight for the

Phase IV and Phase V payloads and with 7 lb of fue would be 119.738Tb.
This left no room for weight growth, and provided an early Indication of diffi-
culty in maintaining maximum RPV weight withi 120 lb. Consequently, at the outset

a rigorous weight control program was established. Elements of that program

Included:

" Assignment of weight bogeys to subsystem groups
" Buying more expensive subsystems where they provided weight

savings



" Reviewing designs to reduce weight

" Applying lighter weight materials where applicable

Program scope and resources led to compromises in the weight program

requiring a variety of guidelines and constant reevaluation of those guidelines

as the program progressed. Assignment of bogeys and rigorous design review

are difficult to assess in terms of weight saved. Purohase of lighter, more

expensive subsystems, and materiel substitutions are more easily evaluated.

Representative weight savings from these approaches are shown in Table 1.

This table shows that, without a concentrated weight control program, the

RPV weight could have easily grown to exceed the current weight of 146 lb by

22.45 lb.

TABLE 1. TYPICAL WEIGHT SAVINGS

Lighter More Expensive Subsystems

Item Weight Saved (lb)

Voltage Regulator 1.0

Battery 1.0

Power Supply 1.0
Rate Gyros, 1.6
Air Data Sensors 0.8

Subtotal 5.4

Material Substitutions

Item Material Change Weight Saved (Ib)

Airframe Kevlar for fiberglass 12.5

FCED Enclosure Graphite for ahminum 1.8

Encoder/Doooder Graphite (FCiD) for aluminum 1.75

Engine Cooling Shrond Fiberglass for stsel 1.0

MOWeta 17.06
Total 33.45
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The sensor and fuel weights also changed significantly during the program,

contributing to the RPV weight Increase. Table 2 shows the weight variation

of these elements during the program.

TABLE 2. HISTORICAL VARIATION OF SENSOR AND FUEL WEIGHTS

Weight Allocation at Final Weight
Contract Go-Ahead Weight Increase

Item (lb) (lb) (lb)

Fuel 7 (a) 15(b ) +8

Sensor (0 IV/V) 3s 3 9. 95 (c) +6.95

(a) 1. 5-hour duration
(b) Increased duration to 3 hours
(e) Includes 2.1 lb of ballast for RPV balance

Figure 13 shows a weight history of the Aquila air vehicle less the payload and

fuel. Preliminary estimates of the component weights resulted in an airframe

weight of about 74 lb. In November 1975, the first vehicle weight was recorded

at about 101 lb. The weight of the next five vehicles steadily decreased to a

value of about 90 lbwhere they stabilized. The primary reason for this de-

crease is the improvement in the airframe manufacturing process. Table 3

provides a tabulation of the component weights at the time of the proposal,

during LMSC field tests, and at the time of delivery to the Army.

The basic airframe structure of the Aquila was estimated to weigh about 33 lb;

in reality the final weight is about 39 lb, or 6 lb heavier. This is due pri-

marily to the number of aecess pmls and brackstry required.as the design

matured.

The electrical group ultinmaey weighed about 6 lb heavier than predicted.

This was due primarily to tMe addie of a rea assembly and a sllShty

heavier afterwAor than predicted and to unmsrestmatnl the wiring hernmes

Mwe'.
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Figure 13. Aquila Aircraft Weight History

TABLE 3. ISTORY OF RPV-STD COMPONENT WEIGHTS (LB)

LMSC Field Test Delivered to Army
Reference Proposal A Modification B Modification

Wing Group f 13.18 13.32

Fuselage Group 32.79 20.36 20.'66

Retrieval Group 1 5.48 3.46
Propulsion Group 12.94 16.26 15.98

Electrical Group 11.1 16.90 18.17

Flight Control Group. 10.18 10.88 10.95
Data link Group 6.72 6.52 7.53

TOTAL 73.73 89.58 90.07

The propulsion group weight is about 3 lb heavier than predicted. This is due
primarily to the design maturity of the installation with the addition of the see-

ond carburetor, final design of the propeller mount, etc.

The mas propertie. of the Aquila were analyzed through the use of a computer
propam. The inpus to this program a the individual component weights and
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spacial positions within the airframe and the radius of gyration. The output of

the program consists of categorized weights, center of gravity, and moments

of inertia. The stability and control analysis of the vehicle showed that the

center of gravity of the all-up weight should be at the 21-percent MAC point

with a tolerance of *1 percent (&0.32 in.). To accomplish this and have inter-

changeable components for all vehicles, ballast kits were made up for each phase

payload. The weights In these kits were determined by weighing the actual vehi-

cle. Each vehicle has two types of ballast: one is payload dependent and the

other is basic airframe dependent and permanently installed.

The estimated mass properties of the initial vehicles were recorded In sum-
mary weight status reports. The weights of later RPVs were recorded In

actual weighing of the vehicles. After RPV weights stabilized, they were then

recorded only during the acceptance test procedure and the results were placed

in each vehicle log book.

A detailed description of the mass properties of the RPV, as delivered to and
tested by the Army, is given in Volume I of this report.

3.1. 7 RPV Evolution - Performance

Performance goals for the RPV-STD were established by the Army In light of
experience with previous RPV programs In which poor performance seriously

hampered the demonstration of RPV capabilities. Consequently, the goals set

Initially for RPV performance contained considerable margin to ensure effect-
ive field demonstrations.

Initial estimates of RPV flight performance Indicated essentially full compli-
ane with the Army goals. These estimates subsequently proved optimistic as
weight and drag increased and Installed thrust efficiency apparently decreased

from orItnal estimate.

54i~
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Since the RPV was known to possess significant performance margin, the

approach to evolving the RPV performance involved judiciously yielding per-

formance capability in favor of schedule and cost considerations. However,

performance levels were closely scrutinized, and reviewed continually with

the Army to ensure that the performance did not fall below critical levels.

Table 4 shows the evolution of the RPV performance throughout the program.

The Army's desire for a cruise speed above 75 knots is fully satisfied by the

flight speed indication of 86 knots. The degradation in speed as the program

progressed is apparent. Cruise altitude did not vary greatly, and the speoifica-

tion was met. Initial time to climb predictions proved optimistic and predicted

values increased rapidly with drag and weight increases. The final result, however,

was acceptable for the field test missions. The specified conditions for takeoff

and landing were ultimately exceeded with those operations occurring at density

altitudes of 8,000 ft. Throughout the analyses of RPV response to winds and gusts,

the 20-knot wind gusting to 35 knots criteria were met. The 20-knot wind condi-

tion was approached during field tests, but gusts were not monitored. The typical

operating altitude was indicated to pace sensor characteristics. During the field

tests (partioularly for the laser operations) an altitude of 2,200 ft was typical. RPV

endurance goals were met, but required an increase in fuel load from 7 to 15 lb,

as weight and drag increased.

Detailed discussions of the major subsystems of the RPV are included in the

following paragraphs.

3.2 AIFRAME

The principal components of the RPV-STD airframe during its evolution were

eWings

- Panels

- Tips

- Eleven
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* Fuselage

- Brackets

- Payload protector

- Recovery hook

- Fuel compartment/bladder

* Propeller Shroud

- Shroud

- Shroud supports

The airframe geometry was determined in conjunction with the general arrange-

ment and inboard profile, and guided by load-path considerations. Materials

were selected initially for low cost and lightweight rugged fabrication. Weight

growth led to the eventual selection of lighter weight material and construction

techniques. The short schedule and iterative nature of the airframe evolution

required dependence on conservative design practices in lieu of proof testing

to ensure structural adequacy. Details of the airframe evolution are presented

in the following paragraphs.

3.2.1 Airframe Evolution- Background/Situation

Prior to initiation of the Aquila contractual program, a multitude of mini-RPVs

had bees built and flown. Construction techniques for these airframes varied

from those used for model airplanes to composite and metallic techniques used

in advanced aircraft. Molded fiberglass was found to be the most popular tech-
i nique with its great flexibllity In applcation. With this background, and con-

sidering the number of aircraft (30), the airframe construction technique for

the Aquila program originally proposed by the airframe subcontractor included

the wet lay-up of layered fiberglass in female molds, vacuum bagged. The

Sky Eye wing ooutmuowon, fem core with fiberglass skin, was also proposed

as the tial wing structure ooncept. These selections were made in consider-

ation of the sucoessful history of the Sky Eye RPV, low cost, and some reog-

nised small weight pealty. Model airplane teohniques were considered, but
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were judged inadequate for the loads, handling and field environment antici-

pated. The more exotic fabrication techniques and materials were also exam-

ined and found to offer advantages, but with additional cost and fabrication

complexity. Given the Army requirement for a flight-proven airframe, the

successful history of the Sky Eye, together with the flexibility offered with the

wet lay-up of fiberglass provided a strong basis for the selection of that air-

frame technique for the Aquila RPV.

The early structural arrangements considered for the Aquila RPV provided

the first indications that significant departures from the Sky Eye concept would

be required. The early layouts indicated that access requirements eliminated

the efficient monocoque (or semi-monocoque) structural arrangement unless

heavy structural panels were used. Further, wing carry-through structure

interfered with effective internal component arrangement in the fuselage unless

integrated with fuselage bulkheads. These factors provided the point of depart-

ure for the Aquila airframe development.

3.2.2 Airframe Structure Requirements

Army requirements specified for or related to the airframe structure included-

* Simple, low-cost, rugged design

" Minimum time and skill for assembly/disassembly

* Minimal detectability

• Ground transportability

" Lffetime of 15 one hour flights

" Structural design load factor of 6 g

" Interchangeability of payloads

From initial analyses, and further Army reviews, additional requirements were

levied, these included:

* Interchangeability of aircraft components

* Ultimate load factor - 1.25 times design load
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" Payload protector: serves as an emergency landing skid (6 g vertical

and axial, 2.5 g lateral)

* Paint

" Break-away wing tips

These requirements were derived to produce a rugged airframe, and simple

RPV operations, and to set the basis for the airframe design approach.

3.2.3 Airframe Structure Approach

The approach to the Aquila airframe structure Included the following elements:

" Subcontract the airframe structural design and construction to the

Sky Eye manufacturer.

" Specify requirements and closely monitor progress to determine need

for advanced aerospace techniques.

e Stress conservative design in lieu of extensive development testing.

" Procure airframe with early interface definitions to meet tight flight

schedule. Change as required.

" Require subcontractor performance of acceptance test procedure prior

to delivery.

" Assemble RPV following verification of airframe characteristics.

3.2.4 Airframe Structure Evolution

The Initially proposed airframe structure concept ti shown in Figures 14 and

15. The outer wing panel of the aircraft consisted basically of a styrofoam

core of I lb/ft3 density, to which were bonded (with a PM 108A bond) preformed

O. 020-in.-thick upper and lower surface epoxy fiberglass skins (Figure 14).

Thes sdns were then closed out at the leading and trailing edges to complete
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the structural skin. The styrofoam core was hot-wire-cut from factory-

supplied MIL SPEC slabs. Styrofoam was selected over urethane because of

its availability and low density. Urethane forms (with the required quality

assurance) were available only in densities of 2 lb/ft3 , and this imposed an

unacceptable weight penalty unless the core was lightened by hollowing out the

inside. The latter alternative raised quostions of dimensional stability and

reduced resistance to handling damage, and would have resulted in greater

manufacturing complexity. The leading and trailing edges were filled with

6 lb/ft3 density styrofoam in order to enhance the resistance to damage of

these particularly vulnerable portions. The trailing edge skin thickness was

increased to 0.040 in. to reduce handling damage. The wing skins were rein-

forced locally at the root for fastening to the stub wing.

The upper and lower skins were made of hand-laid fiberglass cloth and epoxy,

preformed to the airfoil contour in a vacuum-bagged female mold to ensure

that dimensional tolerances were maintained during the bond curing process.

The elevon-protecting wing tips (Figure 14) were fastened to the outer-wing

panels by frangible shear connections to help protect the outer wing panels

against damage by a sharp load applied to the elevon guards.

The wing tips were vacuum-formed from a fuel-resistant polycarbonate plastic

to facilitate their easy and Inexpensive replacement. Closing ribs at both ends

of the wing panel sealed the foam core from exposure to moisture and fuel. An

elevator spar was provided to support the elevon and elevon servos.

The fuselage shell was fabricated in two halves (top and bottom) from 0. 032-in.-

thick epoxy fiberglass vacuum-bagged in female molds at room temperature.

The general arrangement of structural members is shown in Figure 15.

The fuselage structure was Intended to be pure monoooque In that no longitudi-

nal stringers were provided (emoept for intercostals that frame the aooess
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doors). The fuselage was fabricated in four basic parts: upper and lower

fuselage shells and right-hand and left-hand wing panel attach stubs. Align-

ment of the fuselage shells during assembly was ensured by use of the female

layup molds, joined by locator pins, to hold the fuselage shells while the wing

panel attach stubs were bonded. The attach stubs, when bonded, formed

doubler hard points for attachment of the wing panels. The upper fuselage

shell provided wing bending and shear load oarry-through, and the lower shell

contained integral mounting provisions for the aircraft subsystems and pay-

load. Large access doors were provided on the top of the fuselage to permit

easy access to the payload and other electronic components. The payload

components were installed from the top of the fuselage through the forward

access panel (Figure 15). All doors closed flush with the fuselage surface and

were retained by dzus fasteners.

The outer wing panels slid over the stub wing and were fastened to it by means

of a line of flat-head machine screws anchored into nut plates permanently in-

stalled in the stub-wing. Six screws on the top and six on the bottom completed

the installation. The molded-in recess in the end of the stub ensured an unin-

terrupted spanwise surface.

The engine was semirigidly mounted to the firewall through hard rubber

mounts. The cowling, which was formed of fiberglass in the same manner as

the fuselage halves described previously, was mounted to the firewall. The

duct was attached directly to the cowling by three streamlined fiberglass sup-

ports. This whole unit (cowling, duct, engine) was mounted on the aft fuselage

frame through very soft engine mounts.

. The duct was a styrofoam core with two-piece (inner and outer) epoxy skins

(0.025-in. thick). The spinner was also formed of flbrglass.

The tall-lees, pusher no ofiguratioa provided high potential for survival Inas-
much as easily damaged elements were deleted or redesigned. A normally
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vulnerable portion of an RPV is the tail, because in a conventional configura-

tion, the tail has control surfaces, servos, etc. , that make repair in the field
both difficult and complicated. The proposed simple, rugged duct minimized

these difficulties.

Additional steps were taken to further minimize repairs. For example, spe-
cially designed and easily replaceable wing tips served as guards for the ele-
vons. The outer panels had hardened leading edges in addition to the rein-

forced tailing edges. The wing panels were designed to be easily replaced by
spares (if damage was extensive) or quickly repaired in the field (if damage

was relatively small) using a simple repair kit supplied with each vehicle.

The outer panel-to-fuselage interface was designed so that upon very hard

impact in any direction on the outer panel, structural damage to the outer

panel and even break-off of this panel would occur well before critical loads
were applied to the center section.

The proposed structure was designed to withstand *6 g vertical and *6 g axial
design loads (applied through the launch and recovery hardpoints), and *7.5 g
vertical and *7.5 g axial ultimate loads.

During launch, 6 g were anticipated for the proposed aircraft, and 6 g axial
and 3 g vertical were anticipated during recovery. The fully loaded craft could

be lifted by its wlngUps and a 2 g load applied while supported in this manner.
It could likewis, be lifted by the duct and nose with 2 g loading.

Shortly after the program initiation,this structural concept began to show spe-
cific deficiencies. First, wing carry-through loads caused excessive deflec-
tion predictions If reacted only in the fuselage shell. This condition was far-
ther complioated by the large mace door cutouts. It became apparent that

carry-through loads would require more substantial structure, such as bulk-

heads with edge cape. Soond, the wire-out foam *or* for the wing could not

be sufficiently precise to preven the used for excessive amounts o epox to

* h. .
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prevent bond voids between the core and the skin, providing the necessary

epoxy resulted in large weight increases. A more precise core shaping tech-

nique was required. Third, and perhaps most significant, the predicted RPV

structural weight became excessive, requiring consideration of lighter mate-
rials and structural design. To meet this last requirement, direct technical

consultation was provided to the airframe subcontractor and supported

the decision to select Kevlar as the principal structural material. Fourth,

soft mounting of the duct to move in conjunction with the engine produced heavy,

complex mounting hardware. Corrections of these deficiencies were presented

in the March 1975 Design Review.

A sketch of the airframe structure presented at the Design Review is shown in

Figure 16. The airframe structure concept shown in this sketch i constructed

primarily of Kevlar (PRD-49). The wing panels are field-assembled to the fuse-

lage at WS 13.0. The attachment design includes 10 screw fasteners each on the

top and bottom surfaces to collect load from the sparless wing. Wing load

carry-through is provided by two primary bulkheads at FS 128 and FS 146.25.

Other bulkheads at FS 13 and FS 158 provide for equipment and engine mount-

ing. The propeller shroud is rigidly supported by three struts that carry

forward to the fuselage structure independent of the engine installation. The

fuselage shell is 0.030-in., 3-ply Kevlar semhnonoque construction, supported

by the bulkheads and closing ribs at WS 18.

The sparlees wing is fabricated by bonding skins to a full-support foam core.

The styrene foam core is 6 lb/ft in the leading edge area and 1 lb/ft8 else-

where; it is cored for weight reduction and machined for precision fit in prep-

aration for bonding of the skins. The upper and lower skins are laid up in

female molds. The thickness i 0.016-In. one-ply over the span, Increasing

in the 6-in. outboard of the field attachment to 0.030-in. three-ply. The skin

molds also serve as holding fixtures for the operation of bonding the core to
the skin.
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The airframe structure evolved rapidly after the design review to the final

arrangement described in detail in Volume I. The major changes occurred in

the wing structure and attachment, and in fuselage bulkheads.

After further analysis and sample tests, the use of a foam core for the wing

was abandoned. This action was taken primarily because sample cored wing

sections showed excessive warp and set when exposed to a combination of day

and night cycles. A second reason lay in the excessive cost of machining and

fabricating with the foam. After dropping the foam core concept, a two-spar

design with honeycomb skin for stiffness and shape retention was selected. In

addition, wing attachment was changed to take advantage of the spar geometry,

reducing the number of attachment screws from 20 to 8 per wing. This became

the final wing structure concept. Other structural changes, primarily in the

fuselage, were directed at weight reduction'. The most significant of these In-

cluded the use of Nomex honeycomb in the fuselage bulkheads.

It is apparen that ho structural concept evolved from a simple concept with a

simple material to an advanced concept using advanced materials and assembly

concepts. This evolution was caused primarily by weight oonsiderations.

This rapid change in airframe structural arrangement and the wide variation in

early structural assemblies presented a difficult challenge to the verification

of structural design integrity. This problem was further compounded by the

highly redundant nature of the structural geometry and the unavailability of

structural elements for destructive testing. (All early airframes were dedi-

cated to flight testing due to scheduling considerations.) Consequently, it was

required that structural Integrity be verified primarily through conservative

design and supported by stress analysis. The subcontractor's structural integ-

rity analysis provided the necessary stress analyses. In this report, redundant
structural elements were approxlmated by conservative determimt models

and analyzed by simplified techniques. The resulting stress levels were
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reviewed to ensure the existence of a sufficient safety factor. Table 5 sum-

marizes the findings of the structural Integrity report (Reference 2). The margins

of safety shown, almost without exception, safely exceeded the 0.25 required. In

those few exceptional cases (i. e., alternator bracket flange, internal skeg bracket

flange) corrective structural design was Initiated.

Selective nondestructive testing was conducted on critical items including the

propeller shroud (lift and side force design loads), the payload protector (three-

axis design loads), the engine mounts (deflection test to ensure propeller/

shroud clearance during recovery), and hook recovery line/fittings (pull tests

to design loads).

The pull test on the hook recovery lines and their anchors attached to bulkhead

147 was accomplished on each airframe configured with the hook recovery sys-
tem. The other tests were one-time proof tests. This limited testing plus

bonding tests conducted by the airframe subcontractor constitute the total

Aquila structural testing. However, this testing plus the large safety factors

obtained through conservative analysis were considered adequate to ensure the
structural integrity of the airframe. As the progran progressed, analyses

continued to ensure structural adequacy when modifications were made. In

addition, functional tests were performed under simulated air loads for payload

protector and recovery hook deployment. During the reliability improvement

phase of the program, shock load tests and deployment tests were performed

on the interim parachute recovery system.

As a further check on structural integrity, handling loads were analyzed. t
was found that up to 80 percent design load was imposed in the wing attach

fittings during the assembly and oheckout processes. This factor proved very
useful in locating poorly bonded wing fittings and r inforcem mt strips. The
flight test progrim verified the afrfae structure in that no structural failure

occurred in normal flit or flid operationk.

2 Devopmental Soiences, Inc., by Howard
3. Kracnman, LMWC subcontract 0Sl130U A, DE Job 24-SR, S0 Oot 1975
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As stated earlier, the airframe design was frozen early to permit the airframe

subcontractor to meet the rigorous airframe delivery schedule. It was recog-

nized that this approach would precipitate required modifications prior to com-

plete RPV assembly. Twenty-four such changes were required, including

major redesign of the payload and recovery hook deployment mechanisms, sub-

sequent deletion of the hook assembly, addition of launch push-pads at the wing

trailing edge, stiffening of the wing skin around the cooling scoop, enlarging the

cooling air passage, and mounting bracket modifications.

Initial plans to paint the vehicles light grey to reduce observability during

flight were modified to provide the customer-preferred olive drab. After

several iterations, a prime coat of Deft, Inc. 02419 applied in accordance with

MIL-P-23377, and a top coat of Deft, Inc. 03GN40 (0. D. color) polyurethane

applied in accordance with MIL-C-83286 AF were selected for the finishing

technique.

3.3 POWER PLANT/ELECTRICAL SUBSYSTEM

The Aquila power plant (Reference 3) and electrical subsystem consists of the

following elements:

e Engine * Voltage regulator

o Fuel system * Electrical relay assembly

* Carburetor * Battery

* Propeller/propeller hardware

o Engine mounts
* Throttle controls
* Alternator

* Alternator mounting bracket

* Fletible alternator drive shaft

(3) Lockheed Missiles & Space Company, Inc., Aquila RPV Ztst Revrt,C]R QOOD,'f !e eeomn LWOCU-L0288 1, Part 11

"nn.-le, Call., 22 De 1977
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The power plant was located in the rear of the RPV with a pusher propeller

arrangement. Figure 17 shows the power plant buildup in three stages. The

hardware shown is characteristic of an early stage of evolution.

3.3.1 Background

The variety of RPV programs preceding the Aquila procurement had clearly

established that no qualified aircraft power plant existed for mini-RPV appli-

cations. All previous RPV designs had required adaptation of an engine nor-

mally used in ground applications, or large model aircraft engines with spec I

fuel requirements. Lockheed participation in the ARPA Aequare and Army

Savoir RPV Programs had resulted in a set of proven techniques for convert-

ing the McCulloch MC101A/MC-101MC series of engines to acceptable RPV

power plants. Other RPVs, including the Sky-Eye, the USAF Academy Tele-

craft, and the Fairchild Sail-Wing RPV, had also used the MC101A and simi-

lar MC-101MC series of engines with success. In the Lockheed RPV programs,
techniques had been developed for remote starting after cold soak at 10,000-

foot altitude conditions. In addition, engine operations had been characterized

in altitude chamber tests at altitude conditions from sea level to 20,000 ft. In
short, at the beginning of the Aquila program a considerable body of experi-

ence existed with the MC-101A and MC-101MC engines in RPV applications.

Before its selection, however, a survey was made to see if a more suitable

engine existed. Table 6 summarizes the survey. It is apparent from this

table that with cost, weight, availability, and performance characterization as

selection criteria, there was no other reasonable choice.

A wide rane of selectiviy =disted in finding an alternator baseline. Available

direct drive units, including aircraft and automotive units, were found to be

emesivey heavy and were discarded as candidates. Small, liwelig t units

required gearing up in rpm with gears and belts. These were discarded be-

cause at the short develoiment tim available to derive reliable drive systems.

The experemee wih the Asqiure alternator and mounting arrangement po ed

to an SAW18110 at o t syseM-1 m logical abois tr the Aquila RPV.
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(a) Preassembled

(b) Partially Assembled

I(a) Ready for Installation

Figure 17. Aquila Power Plant
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3. 3.2 Requirements

Specific engine requirements were not cited in the Aquila procurement docu-

mentation except by inference. After design study and evaluation, a list of

requirements included the following:

" Brake horsepower 2t 11 hp
" Low specific fuel consumption

" Low dry weight

" Demonstrated operation at altitude
" Common fuel
" Easy starting

" Low cost
" In current production

" Reliable operation
" Easy maintaliabilily

" Long life (154 flights)
" 500 W electrical power

" Regulated 28.4 *10.2 Vdc with :5 5-percent ripple
* Full power (500 W) output above 4, 000 rpm

* Alternator survival at 11,500 rpm for 1 min

3.3.3 Approach

The approach to the Aquila power plant ovolut~o basically involved the following:

* Adapt the McCulloch MC1O1 engine for propeller drive, alternator

drive, and Aquila SPV Inistallation.
* Verit performance, *Ael consumption, and altitude operation In

altitude obabor tests.
e Procure a DuFresne alternator and regulator to the Aquila

F -octn.



" Design the power plant Installation based on Aequare and Sky Eye

RPV flight experience.

" Evolve assembly and test procedures to ensure reliable operation.

Initial plans called for the airframe subcontractor to procure, modify, and

install the engine, propeller, and alternator prior to delivery. As requirements

evolved to lighten the weight, change the carburetion, and modify the engine controls

and moumting, this task was moved to the contractor's facility.

3.3.4 Power Plant/Electrical Subsystem Evolution

The evolution of the McCulloch MC-101 engine into the Aquila power plant is

summarized in the following paragraphs. The final power plant configuration

is described in Volume I of this report.

Figure 18 shows an MC-101MC engine as delivered from the factory. Conver-

sion of the MC-101MC engine to the Aquila engine includes the following steps:

e Removal of unnecessary parts such as the recoil bsid starter to pro-

vide a lighter weight confLguration

e Installation of a thermistor to monitor the engine temperature

e Inspection and modification of the engine (This includes safety

wiring all critical parts to prevent them from loosening due to

vibration.)

e Addition of the engin mounting bracket

e Replacing the metallic cooling shroud with a lighter weight fiberglass

substitute

e Installation of a resistor type spark plut to eliminate EMI problems

o Changing the carburstion system to give better fuel consumption and
throttle control characteristics, as well as a smaller profile for

Installation

A discussion of the evolution of this procedure follows.

if



Fnur. IS. fatoM Nlivrd MC-1OIMtC Senne

83.



Engine Mounting. Throughout the fabrication of the original single carburetor
and A model dual carburetor Aquila engines, the engine was attached to the airv.
frame at bulkhead 155 by bolting four sections of extruded aluminum channel to
the engine block casting at points originally used to mount the engine cooling fan

shroud. These channel sections protruded radially about the crankshaft ais.
Each was drilled to accept the mounting stu of a Lord Model J-4624-27 shock

isolation mount. The bulkhead pickup, was by four aluminum U-shaped channels

with flanges that bolted through inserts (for stiffening) In the honeycomb-filled

bulkhead.

The channel section brackets attached to the engine provided adequate support
to meet operational loads but did not provide for precise location of the engine,
nor for the precise positioning of the propeller within the propeller duct.
Other than the clamping force of the one attachment bolt per bracket, there
was nothing to prevent rotation of the bracket, Also, as a mounting bolt
loosened, or Hf the casting Interface was not true, the brackets would not be
parallel.

The B model engine incorporates a single horseshoe-shaped bracket with four
tabs extending radially outward which replace the four channel brackets pre-

viously used. Attachment to the engine Is through the same bolt locations used
before. This revised mounting method (see Figure 19) has nearly eliminated
the need for shims to align the engine (with its small weight penalty). As an
additional benefit, engine alignment is not affected by engine operating time.

Encine Cooling. The standard McCulloch cooling fan, which is cast Integrally
with the flywheel, is used instead of free stream air engine cooling. This fan
provides supplemental cooling air to vehicle electronic components when the

vehicle Is run statically or at low flight velocities. Cooling air enters the
vehicle at a nose opening and a wing root duct, and from these points it ts
circulated through the forward bays to remove waste heat. After passing
through the 1237 bulkhead the air onter. the alternator compartment where heat
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that is generated by the alternator, voltage regulator, and throttle servo is
extracted. The exit path from the alternator compartment is through the
alternator mounting bracket and then bulkhead 155. The inlet to the engine
cooling fan faces the 4-in. -diameter exit passage of bulkhead 155. The cool-
ing fan forces air through the engine cooling fins and out through an aperture
which faces aft and Is located above the level of the propeller spinner.

The shroud that mounts on the engine and directs air flow from the cooling
fan around the cylinder fins is a Lockheed-produced item. The original
McCulloch part was a two-piece metal design. Initially, a two-piece graphite
epoxy unit was the replacement, and a weight savings of approximately 1 lb
resulted. Eventually a redesign brought about a cost reduction for this shroud.
Fiberglass replaced graphite epoxy as the material for oonstructon,and a per-
manent bond was used to reduce the number of pieces to one per engine. The
weight savings was essentially retained.

Carbureston. The original Aquila carburetion system was composed of com-
mercial MoCulloch parts, although not those with which the MC101 was
delivered.

The standard MC101 carburetor, a Walbro Corp. Model BDC-22 is intended
for go-cart racing applioations of the engine, where high power is the central
onsid on. and the duty cycle comprises full throttle and Idle throttle.

Smooth ruming and low fael oonumption as well as weight and size are minor
conderations. Because thes hacteristios differ with basic Aquila engine
design phloilpy, It was decided that the oarburetion system should be
changed to meet aircraft eqaieends more effectively. The thre oarbure-
tors econsidered are shown In Figure 20. Early tsb with a Walbro SDC-4
"oube" chain am carbtretor d s W several advantaa this carbure
would provde. A MCdih manifoid and reed st md. to adpt the BDC-48
oarburtor to the Model MC 49Z engine we interhmaeable with the MC101
engine. This Installation, shown in FIgure 21, wa small enough that it

.4i
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could be totally contained within the fuselage. Weight was very low for the

system. Engine throttle response was greatly improved and fuel consumption

was very low. The main fuel jet was fixed by an orifice that would reduce

field adjustments. The one disadvantage was a reduction of maximum power
(by approximately 1) to 10 hp at 7,300 rpm. Since performance predictions
indicated that 10 hp was sufficient to meet requirements, it was decided to

proceed.

The system was installed on vehicles ur to No. 007. Operation with this con-
figuration went smoothly as it was relatively simple to adjust and worked well

with the flight controls rpm loop command circuit. It did have the drawback

of insufficient power, unfortunately magnified by drag and propeller inefficien-

cies, which were higher than predicted. As a result, performance values

were lower than predicted.

A decision to Improve vehicle performance by increasing engine power was

made, but it was considered important to retain as many of the attributes of
the first configuration as possible. The dual carburetor, progressive control

linkage system was the design that resulted.

The theory of operation for the dual carburetor design was that the secondary
carburetor, another Walbro SDC-43, would only be engaged when full power

was demanded of the engine. Operation at lower power settings would be

accomplished using one active Walbro carburetor. Excellent control char-

acteristics and fuel consumption would be retained but maximum power would

be increased.

The equipment required to make this change consisted of another Walbro car-

buretor and McCulloch manifold. An adapter plate was milled from aluminum

plate that allowed the attachment of the second carburetor and manifold at the
bottom of the engine. A four-bar linkage with a slider section provided link-
age to the lower, secondary carburetor. The arm lengths and slider travel
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caused the secondary carburetor to engage at approximately 60 percent of

throttle travel. The wide open throttle position was reached simultaneously

by both carburetors.

The additional carburetor increased power to 11. 7 at 8,300 rpm. Propeller

speeds during static running were raised to a nominal 8,000 rpm as opposed

to the previous 7,200 rpm. This rpm change caused propeller spinners and

spinner mounting plates to fatigue fracture on a regular basis. Since wind

tunnel tests had shown very little drag reduction resulting from the spinner

installation, it was removed to reduce weight and eliminate the fatigue failure

problem.

The dual carburetor A model increased power available, maintained low fuel

consumption, and had good throttle control; however, it was difficult to set up the

fuel mixture ratios and linkage. It was necessary to carefully balance mixture

ratios and throttle openings In order to maintain smooth idle, to provide rapid

acceleration and low fuel consumption at cruise power, and to obtain maxi-

mum power. Once initial adjustments were made at the Fort Huachuca test

base it was usually possible to run the engine many hours prior to a need for

readjustment.

One mechanical failure problem that initially plagued the dual carL-iretor sys-

tem was breakage of carburetor butterfly shafts. At first, the standard Waibro

brass shafts were retained, but as failures occurred due to the increased loads

imposed by the control linkages which bore directly on these shafts, the shafts

were remanufactured of stainless steel to the original design. This change

reduced the frequency of breakages but did not totally eliminate such occur-

rences. The shafts were eventually redesigned to eliminate stress risers,

and the material was changed to 4130 steel. This completely eliminated shaft

breakages. A long-teim wear problem remained In that the high bearing loads

elongated the throttle shaLft bearings, which are the unbushed holes drilled in

the aluminum carburetor castings.
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A third Aquila carburetor configuration is the B model system in use on all

RPVs from aircraft No. 014 on. The intent of this design was to eliminate

problem areas of the A model system. A new induction manifold and reed

block is used which is manufactured for the McCulloch racing engines. The

reason for its use is that it Is designed to allow a tandem dual carburetor in-

stallation, one carburetor above the other. An adapter plate Is required to

interface with the Walbro "cube" type carburetor. A revised linkage (Figures

22 and 23) accompanied this design change which simplified carburetion ad-

justments. Carburetor models were changed from the SDC-43 to SDC-58. The

SDC-58 is essentially equal to the SI)C-43 but has a relocated low-speed fuel-

to-air adjustment screw that allows improved access for adjustments. Power

and fuel consumption changes were not the object for the A to B model change

and power was not changed; however, fuel consumption at partial throttle

settings was reduced.

Exhaust System. The exhaust system is comprised of a short stack which is

formed from a length of mild steel seamless tubing, 1.375-in. inside diameter.

A mandrel is used to shape the upstream end to the outline of the engine

exhaust port. A steel flange is welded to the stack to provide an interface to

the engine mating bolt pattern. At first, the gas flow is directed aft but then it

turns upward at a 45-degree angle before exiting the exhaust pipe.

The propeller hub is extended away from the engine in such a way that a 3-in.

clearance exists between the aft facing engine exhaust port and the forward

0 edge of the plane of propeller rotation. This clearanoe provides sufficient

space to employ an unrestricted exhaust pipe and to allow substitution of a

muffler system if required.

The exhaust system employed is designed to perform two basic funmtiom dl-

rect exhaust gases out of the fuselage and provide minimal restriOm to

exhaust gas flow. This Indeed is the case, since removal of the exhas csames

no significant change in peak propeller speed. Tuned exhaust systems were
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avoided because of problems associated with use of such devices. A tuned

exhaust system can raise power output, but at the expense of good engine con-

trol and the necessity of packaging a bulky, heat-emitting device.

Throttle Control Servo Installation. The servo actuator used to control the throttle
position is identical and interchangeable wihb those used for vehicle elevon con-

trol. Basically, two servo Installation designs have been used throughout the
Aquila program. The first design was used with the original single carburetor

and the dual carburetor A model. The second design is used in conjunction

with the B model dual carburetor system.

The earliest design employed a single Walbro SDC-43 carburetor on the

McCulloch MC-49E manifold and the carburetor was located on the starboard

side of the engine with the throttle butterfly shaft aligned with the longitudinal
axis of the vehicle. The servo actuator was mounted, using an adapter block,
to the forward side of bulkhead 155. The servo actuator output shaft was co-
linear with the carburetor butterfly valve shaft. A tubular steel extension
shaft with a flanged end was attached to the actuator output shaft flange using
four screws. The carburetor end of the extension shaft was externally threaded
to accept a 1/4-28 thread. To complete the attachment, a Lovejoy AO-35 flex-
ible coupling was used. One end was modified In such a way that it was inter-

nally threaded to match the extension shaft. The carburetor side of the coupling
and the butterfly valve shaft were drilled to use a roll pin for engagement. A rub-

ber spider was fitted between the coupling halves to provide tranmission of
torque while allowing relative angular movement between the throttle shaft and
servo actuator extension shaft. Fore and aft play were provided by leaving a*

air gap between coupler halves and t*e rubber spider. This air gap was
adjusted by rotating t servo side coupler on its threads to 41tber advance or
move away m the carburetor. Owe this a justmnt wm. ade, a jam nut
was tightened plut the ooler to look It In positon. The sam-
was used to posittOIt the servo shaft reolatvo t9 the tot ,shaft for rotst .

orienftaton.
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Single carburetor operation went smoothly with the original servo installation;

however, difficulties arose when the same system was used to operate the A

model dual carburetor. The increased loads caused by friction, higher mass

and spring tension of the dual carburetor linkage caused large and unpredict-

able deflections in the rubber spider coupler. Spiders of increased durometer

rating (hardness) were tried, which did improve the characteristics of the

throttle response; however, increased amounts of engine-induced vibration

were transmitted to the servo actuator, posing a threat to actuator life. The

B model dual, carburetor redesign provided an opportunity to eliminate the

vibration found in the former throttle linkage. In its stead, the servo actuator

drives a cam linkage through a cable.

The servo actuator Is repositioned so that the output shaft is perpendicular to

the longitudinal axis of the aircraft. Attached to the servo output flange is a

lever arm which engages a steel cable at a pivoting joint. The cable pene-

trates bulkhead 155 into the engine compartment. A nylon sheath positions

and protects the cable within the engine compartment (Figure 22). A threaded

fitting at bulkhead 155 positions the cable sheath relative to the cable providing

adjustments to throttle position. A barrel fitting is attached to a control cable

at the cam end, which slides into a recess in the cam. A roll pin is then

inserted into the cam to prevent accidental disengagement. A mounting shaft

is threaded into the edge of the adapter plate used to mate the carburetors and
induction manifold. This shaft Is the pivot point for the cam. The cam, shown

in Figure 23, is a machined steel plate that has separate bearing surfaces for

the followers of the two carburetors. The primary carburetor has a steel pin

follower that is driven by a slot in the cam. This provides constant retention

of the follower. A torsion spring on the primary throttle shaft is used to

eliminate backlash of the follower in the slot. The slot constantly varies in

radius relative to the cam pivot point except at the maximum throttle position

where a constant radius exists. Since the slot has excess length at the idle

position, the .am is without a hard stop that oould overload the servo actuator.
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The secondary carburetor cam follower is driven by an outside edge of the

cam. It has a torsion spring which is necessary to provide a force to keep the

follower in contact with the cam surface and to keep the secondary butterfly

valve closed when not in contact with the cam. The cam does not open the

secondary carburetor until it has traversed through approximately two-thirds

of its travel. The two carburetors reach the wide open position simultaneously.

The throttle is adjusted so that the engine idles between 3,500 and 3,800 rpm

when the servo is not under the autopilot rpm loop control. The autopilot rpm

loop, when operating as in flight, will hold idle rpm to 4,000 E200. This sys-

tem allows the autopilot to keep idle speeds lower in a descent than if a fixed

stop were used to set an idle position. A sheathed steel cable which slides in

a nylon outer sheath is used to pull the cam to the idle position. A torsion

spring wound on the cam pivot shaft drives the cam to the wide open throttle

position. If the cable were to break, or if power were disconnected to the

servo actuator, then the throttle linkage would move to the wide open position.

Propeller. The Aquila propeller, shown in Figure 24, is of laminated birch

construction. It is a simple two-bladed design with a 19.5-in. diameter. The

blade activity factor is 150 with a blade angle of 20 deg at the 75-percent

chord. This propeller is manufactured by Propeller Engineering Duplication

of San Clemente, California. Initial flight testing of Aquila vehicles was

carried out using a propeller of similar design manufactured by the Sensenich

Corporation of Lancaster, Pennsylvania. The activity factor and diameter of

both designs are equal but the Sensenich used a higher blade pitch angle, 21.5

deg at 75-percent chord. This change to the lower blade pitch angle was to

allow the engine to operate at higher speeds to increase power available for

climb at lower airspeeds.

Engine Assembly and Acceptance Testing. All Aquila engines have been

assembled and tested in accordance with specifications which describe tests

and mod/fications to be performed by shop personnel. Engines assembled

prior to the B model dual carburetor configuration underwent an internal
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Inspection. The engine was sufficiently disassembled to allow measurement of

piston to cylinder bore clearances, measurement of piston ring clearances, and

inspection for foreign objectives or incorrect assembly. Experience showed

that this effort was not required since clearance adjustments required were of a

minor nature, and since engines were delivered clean and properly assembled.

Assembly of all engines required checks and tests which are currently in effect.

Each engine ignition is checked for proper ignition timing and corrected if neces-

sary. Each engine is modified as required to fit the thermistor, exhaust stack

and engine mounting bracket. Aquila induction manifolds are fitted prior to an

air pressure leak check. The leak check entails fitting air tight plates over

orifices and then pressurizing the engine to 12 lb/in. 2 The pressure loss is

observed for a required time period; if it exceeds a specified level, then the

technician must use a liquid solution to find leaks and bring those found within

specification by replacing gaskets or sealants as required.

Fastener torques are specified and correct use is verified by Quality Assurance

personnel throughout the operation. Safety wire is installed at specified loca-

tions to ensure that fastener torques are maintained. Following completion of

the requirements of the assembly specification and acceptance by Quality Assur-

ance persomnel, the engine is transferred to the facility test location.

The engine is next subjected to an Aocptmoc Test Procedure that is witnessed

by Quality Assurance personnel. The. engine assembly is installed in a test stand

which simulates an actual vehicle installation. Carburetin Is set to deliver a

slightly fuel-rich mixture and then the engine Is run at varying but relatively

low power setgs for approximately one hour. If compeession tests show the

piston rings to be seaft norma the teetla is continued. MamUxim rpm, fuel
cosumnption, and ease of throttle control are the main items of interest. Fuel

mixture settings are varied to achieve proper runIngi however, tbe A must

pass all tests with the same settngs to qualify. If thet entepasSs all tests,
acceptance is noted, and then the engine is installed in a flight vehicle or

stored.
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3.3.5 Propulsion Performance and Functional Testing

The Aquila propulsion system has been the subject of a wide variety of tests.

The objective of this testing has been to evolve an engine configuration that

performs its functions In a reliable, satisfactory, and efficient manner.

Knowledge gained from previous experience with RPV engines was combined to

produce the initial Aquila flight configuration. Since that time, testing has con-

tinued throughout the program to match engine capabilities to current vehicle

requirements.

Carburetion and Control. During March and April 1975, static ground tests were

conducted to characterize the power potential, fuel consumption, weight, bulk,

and adaptability to closed loop control of candidate carburetion systems to be

employed with the McCulloch MC-101MC engine.

During these tests the MC-101MC engine displayed superior control character-

istics when coupled to the Walbro Corp. SDC-43 carburetor. Weight, bulk, and

fuel consumption characteristics of this system were superior to any of the other

three systems tested. However, with this configuration the maximum power was

the lowest (approximately 10 hp).

Altitude Tests. Durin May 1975, groumd tests were run at altitude to determine

altitude effects upon the fuel consumption, power, and control characteristics of

the Walbro oarburetor-equipped MC-101MC and the next most acceptable option,

* a Tillotsoa HL series carburetor.

Altitude range was limited to 8, 000 ft or less for this test since remote sites

in mountains local to LMSC were used. The results demonstrated that the

relative differenos bet the oarburetion systems were stable over the

altitude range of the test.
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Fort Belvoir Altitude Tests. In July 1975 altitude chamber tests were con-

ducted at the Fort Belvoir altitude chamber, to characterize the performance

of the engine configuration over the range of altitude expected in flight tests.

Figure 25 shows the test arrangement.

Figures 26 and 27 graph horsepower output and fuel consumption as a function

of altitude. It is Interesting to note the low specific fuel consumption data

recorded.

Installation Testing. During the period of August through September 1975, the

completed engine installation, Including throttle servo actuator, exhaust system

and enclosed engine were tested. The objective of this testing was to ensure

that no mechanical or thermal problems existed in the complete installation.

The installation demonstrated satisfactory operation as tested. Ambient air was

supplied for induction and cooling requirements. No abnormal power losses

were observed. Engine cylinder head temperature remained at 3900 F or below

regardless of the duty cycle. Engine control by the throttle servo was very

good.

Alternate Fuel Tests. In October 1975, a test was conducted to determine the

feasibility of increasing the power output of the McCulloch MC-101MC by chang-

Ing fuel mixtures while retaining the Walbro SDC-43 carburetor. By changing

from a gasoline-based mixture to an alcohol base, it was possible to increase

power to over 11 hp. It was found that modifications were required to the car-

buretor that caused its control response characteristics to deteriorate. Fuel

conumption was increased by a factor slightly less than two. MIL spec aircraft

fuel was slected over high test automotive fuel due to the lower rate of bubble

formatioa observed with the aircraft fuel in altitude chamber tests. Use of
regular automotive or MO gas was discontinued due to the potential for detona-

tim with those fuels.
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NOTES: 1. AQUILA ENGINE, SINGLE CARBURETOR
2. ALTITUDE CHAMBER DATA - JULY 1975
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Starting Tests. In November 1975, a series of static ground tests was conducted

to determine a starting sequence that could be nserted into the computer oper-

ated launch procedure.

Cool mornings were the times chosen to conduct tests. Various throttle positions

were tried to determine the optimum setting. Forty percent of wide-open throttle

was found to produce the best results and required no choking or priming.

Thermistor Calibration. In November 1975, thermistor calibrations were accom-

plished. The location chosen for the thermistor that indicates engine tempera-

ture during flight is offset downward from the engine cylinder head. A correla-

tion between true cylinder head temperatures at the thermistor location was

required.

By installing a flight item thermistor and comparing the readings obtained to a

thermocouple at the spark plug base, a temperature difference of 400 F was

found in the 300 to 4000 F range, with the spark plug TC the hottest.

Dual Carburetor Development. During the period of March through May 1976,

a series of static ground tests was accomplished to test ways of adding a second

carburetor to the MC-101MC engine to increase peak power output. A progres-

sive linkage was to be employed to allow one carburetor operation at low power

levels so that fuel consumption would remain low and throttle response

acceptable.

Four manifold configurations were tested during this period. The majority of

tests were propeller stand runs; however, a dynamometer was employed to cali-

brate the results. The design chosen for use jroduced the greatest power, 11.7

hp, and eliminated the need for casting a new manifold. A second carburetor

and manifold unit, as previously used, was attached to the bottom of the engine

with a simple plate adapter. A four-bar linkage was designed with a sliding sec-

tio that provided the progressive feature required. Fuel consumption was

Increased over the single carburetor aine.
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The testing included many rum to determine optimum fuel jet sizes and linkage

geometry.

Altitude Chamber. During June and July 1976, a series of altitude chamber

tests was conducted. The objective of this series, which was again conducted at

the Fort Belvoir altitude chamber, was to characterize the performance of the

dual carburetor engine configuration at altitudes representative of actual flight

conditions. Figures 28 and 29 graph horsepower output and fuel consumption as

a function of altitude.

Developmental Testing - B Model Dual Carburetor Configuration. During Jan-

uary and February 1977, the deployment of the dual carburetor engine for flight

testing incurred some problem's. The engine was difficult to adjust properly,

although it would maintain adjustment once set. The linkage caused no serious

in-flight problems but tended to wear out rapidly. A test program was required

to find a revised configuration which eliminated these problems.

A replacement induction manifold was found which allowed the carburetors to be

mounted adjacent to one another. The four bar linkage was then replaced by a

cam driven by a cable from the servo actuator. The cam used two separate

ramps to provide progressive opening of the carburetors. Tests involved the

varying of cam ramp shapes and fuel jet sizes in order to operate the engine as

desired.

Field Tests. During April 1977, prior to full deployment of the B model dual
carburetor engine configuration for field use, a prototype system was sent to
the Fort Huachuca test base to ensure proper operation of the system at that

altitude (4,500 ft).

Engine runs indicated that a problem did exist in that the ability to accelerate

rapidly was sensitive to altitude changes. A revised arrangement of fuel

metering Jts was found that eliin ted engine stall Wh the throttle was

rapidy moved with the sagine idling.
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Altitude Tests. In May 1977, because of the altitude sensitivity shown by the B

model engine, an altitude test was conducted at the Lockheed "STARS" altitude

chamber located in Sunnyvale. The purpose of this test was to determine the

acceptability of the B model engine at high altitudes.

Runs were made at several altitude levels up to 16,000 ft. A strip chart record

of rpm and throttle position was made for all runs. A throttle control system
that could open the throttle at predetermined rates was employed for consist-

ency. Five separate fuel metering arrangements were tested. The arrangement

arrived at during the April field tests at Fort Huachuca was the best system

tried and was adopted for the flight vehicles.

Fuel Line. During the course of the May altitude tests bubbles were observed

forming in the fuel line downstream of the quick-disconnect coupling when oper-

ated at altitudes in excess of 8,000 ft. In June 1977, tests were conducted to

determine the cause of bubble formation and to arrive at a modification to eli-

minate the cause.

An electric pump, accumulator, and valve arrangement was constructed that re-
created the flow and pressure conditions of the altitude chamber. This device
showed that bubble formation was resulting from air outgassq from the fuel as
it made a transition from the small diameter outlet of the coupling to the rele-

tively large volume of the fuel line. A change of fuel-line size with sleeve joints

produced a more constant area path for fuel flow,which eliminated the possibility

of severe bubble formation.

Installation Losses. A modification made to the B model vehicles was the inclusion

of a temperature transducer in the engine compartment. Data could then be
made available defining the elevation of engine compartment temperatures

over ambient. Once tbese values were known, a test was run to determine the
extent of power loss during field tests due to the elevation of induction air
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Test data taken In June 1977 demonstrated that losses up to 10 percent of peak

power were being sustained during flight tests or at launch conditions on hot

days.

3.3.6 Electrical Subsystem

Alternator. The alternator is a three-phase rotating field alternator requiring ex-

ternal field excitation supplied by the Aquila battery. The unit is derived from

that used In the U.S. Air Force Aequare program, providing additional output

power with the attendant penalty of increased weight: as used on Aquila, It pro-

vodles up to 600 W at a regulated voltage of 28.2 Vdc (max.) when driven at

4,000 rpm or faster.

The power sizing for the proposed RPV-STD was estimated to require 500 W of

power. As more detailed vehicle requirements became known, the power re-

quirement was increased to 600 W. Table 7 compares weight and power output.

TABLE 7. ALTERNATOR COMPARISON

Aequare RPV-STD Aquila
(USAF) Proposed (U.S. Army)

Power Output (W) 300 500 600
(4000 rpm)

Weight (lb) 5.4 6.4 7.8 (max.)
(actual) (est.)

Finish Aluminum, N/A Gold,
no finish anodized

Reguator. The regulator Is a compact S. 5-oz proportional regulator controlling

the field excitation to maintain the output at 28.2 to 28.4 Vdo. In the original de-

sign for the charging systmn the vendor proposed a switching regulator which
required no heat siiiing. This design was not available, for the Aqulla due to

design failm'es experm oed In the switohng transiWrs at hih temperstures.
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consequently, a proven proportional regulator was substituted. The propor-
tional unit required approximately 9 in. 2 of finned aluminum heat sink stock

and is mounted to the Aquila bulkhead at FS 147.

Alternator Drive Coupling. Previous experience gained with the Aequare

program had demonstrated that an alternator should be mounted directly to the
airframe and not to the MC;101 engine. The remote drive developed for

Aequare was considered to be the best alternator drive available. A flexible,
wound steel wire shaft is fitted with a swaged sleeve at the alternator end and

pinned to the alternator armature shaft. An aluminum adapter is bolted to the

engine flywheel that is broached with a 0.25-in.- square hole. The flexible

shaft is squared at this end and inserts into the adapter at the flywheel center-

line. This arrangement allows engine movement In all axes while torque is
continuously transmitted to the alternator.

The alternator Is attached to the forward side of bulkhead 155 by a bracket

which is a Kevlar cylinder with flanges at both ends. The flanges provide loca-

tions for screw fasteners that attach the alternator to the bracket and the

bracket to bulkhead 155. The cylinder is not solid, and several air passages
are cut lengthwise to allow cooling and Induction air flow to the engine

compartment.

Power output as derived from vendor test data Is given In Figure 30 as a func-

tion of rpm.

3.3.7 Fuel System Evolution

Two basic requirements were established in the beginning for the fuel system:

first, the tak would be a bladder; second, It would be removed from the
ahfame to be refueled. A bladder provided two important advantages: it

would be mor resistant to shook demaso than a normal rigid tank, and, by
eapelift a1 sir from to bladder durin the fuelin prooess, it would be im-
possible for de bmgne to lngest air from the tonl In unusual maneuver attitudes.
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Figure 30. Alternator Output Voltage - Variation With RPM

The requirement for removal from the airframe to fuel the tank and the need
to have a rigid-walled container for a bladder led to the installation of a Kevlar

box under the central fuselage access hatch. Thus, the bladder container or

cage could be easily removed by removing the access cover.

In addition, a convenient method of disconneoting the fuel line was required,
* so a conveutional quick disconnect coupling was added to the system. The

moe portion of the coupling was fitted to bulkhead 187 located In the wing root

area. Lifng the fael tank provided acoees to the coupling. In practice, the
quIok-dIsconnect coupling was difficult to operate since It was not possible to

use two hands for the operation. The design was modified in moh a way that

an ahmim bra"nk exteded below the ful bladder oe, to whih the m&Ie
portio, of the coopling was fud. By ling the oees cov aid thin resting

It on the fuselage side, the quick-disconnet coupling was eadly operated.
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The plastic bladder was pierced at one location only for the fuel-line fitting.

Tygon, a clear plastic fuel line, was used and was secured at fittings by pull-

ing the Tygon over the fitting nipple and then wrapping it with two loops of

0.032-in. -diameter safety wire. The fuel line was originally a 0.25-in. -internal-

diameter formulation B-44-4X.

During testing at the "Stars" altitude chamber in May of 1977, bubbles were ob-

served forming at the downstream side of the quick-disconnect coupling at density

altitudes in excess of 8,000 ft. This resulted in erratic engine behavior when

large bubble accumulations entered the carburetion system. Further testing

demonstrated that the coupling was not leaking air but that air was outgassing

during the transition from the 0.125-in. internal diameter of the coupler to the

0.25-In. internal diameter of the fuel line. The bubbles observed were assumed

to be composed basically of air since an accumulation of air within the fuel line

would be reduced in volume in inverse proportion to atmospheric pressure

changes, but would not go back into solution with the gasoline, as it would be

expected to do, at sea level pressures.

Following this discovery, a design change was tested and then installed on all

B model RPVs. A replacement fuel line w'th a 0.125-in. internal diameter

was substituted for all applications downstream of the quick-disconnect cou-

pling, and a sleeve was used at all fittings to minimize changes in internal

cross sectional areas.

The result of the design change was a major reduction in bubble formation:

bubble accumulations would break away suddenly upon a rapid change in fuel

flow and move to the carburetion system. The replacement fuel line used was

Tygon formulation R-3603 to provide Increased resistance to hardening due to

exposure to gaoline.

Tests run to demonstrate the abitty of the engiue mounted carburetor/fuel

pump to empty the fuel tank bladder were completely sucessful. The tank was
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totally flattened as the fuel pump vacuum drew all the fuel contained to the en-
gine. There was no observed tendency for the upper tank wall to collapse
across the tank outlet and shut off the fuel supply to the engine. Although
these observations were encouraging, there remained the possibility that an

unusual loading or flight dynamic condition could cause the fuel tank outlet to
be closed prior to total fuel exhaustion. Following January of 1977, all B
model fuel tanks incorporated a rigid fuel line extension, internal to the fuel

tank that was capped on its end but slotted lengthwise to allow fuel flow if the
tank walls collapsed upon It.

A method of indicating a low fuel level condition was required for the vehicle.
A search was made for a fuel flow meter that would provide an Integration of
fuel used, which In turn could be compared with a known fuel load and conse-
quently indicate the amount of fuel remaining. The lightweight fuiel flow meters
studied lacked sufficient accuracy at the low flow levels to provide measure-
ment. The method developed provided a hinged lever arm that followed the
fuel bladder as its height diminished with fuel used. A micro switch was
tripped by the lever at a predetermined point to indicate 2 lb of fuel remain-

ing.

Following January of 1977,two changes were made to the fuel low indicator for
B model vehicles. A shim was added that changed the indicating level to 3 lb
remaining as opposed to the former 2 lb. Also, a disconnect electrical con-
nector was added for the micro switch circuit to ease fueling operations.

After April of 1977,a modification was made to the fuel line at the point of exit
from the fuel tank. Formerly, the Tygon tube exited the fuel bladder and was
then forced into a tight radius turn to reach the quick-disconnect coupling. B

model vehicles were equipped with a 90-deg elbow that eliminated the tight

radius turn and the possibility of an accidental closure of the fuel line. In
addition, the special fitting was provided inside the tank to prevent the flexible
tank wall from sealing the exit orifice. Another change incorporated on the



B model vehicle was the addition of stencilled instructions on the fuel bladder

to specify the fuel mixture to be used.

Flight experience with the final fuel system has indicated no known instances of

improper fuel delivery due to trapped air in the fuel tank. The fuel tank does

not tend to burst in a crash landing.

3.4 FLIGHT CONTROL SYSTEM

The principal elements of the Aquila flight control system are:

" Flight controls electronic package (FCEP)
- Pitch autopilot

- Heading autopilot

- Altitude autopilot

" Sensors

- Altitude transducer

- Air speed transducer

- Rate gyro package (heading and pitch)
- Accelerometer

- Magnetometer

" Controls

- Elevon servo actuators

- Engine servo actuator

A description of the field tested system is given in Volume I of this report.

The analytical and hardware evolution of the system is discussed below.

3.4. 1 Background

Prior to the Aquila program, the flight control systems for RPVs had ranged

from simple radio control (RC) with direct control of the aerodynamic control
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I
surfaces, to complete digital autopilot design. The requirement, therefore,

was to select the proper approach for the special Aquila requirements.
Experience had flight proven a simple analog/digital concept in the Tuboomer
RPV and in the Aequare program. The concept had been assembled on regular
PC cards that provided design and checkout flexibility while providing reliable

electronic operation. The concept combined aerospace and general aviation
techniques into a proven autopilot electronic system. It was a logical decision,

therefore, to select this system and approach for the Aquila RPV.

A wide range of sensors suitable for RPV application existed from aircraft and
missile developments. The task at hand, therefore, was to select or specify,
procure, and (if required) adapt the sensor for the Aquila application.

Flight control servo-actuators presented quite another problem. No flight
qualified servo-actuators existed in the load range anticipated. The Tuboomer
had used automotive headlight actuator motors with an LMSC-developed servo

electronics system. Aequare employed radio control servo units, which were
unacceptable for the Aquila application.

The Aquila autopilot design approach was determined against this background.

3.4.2 Approach

The approach to the Aquila autopilot and flight controls evolution Included the
following elements.

Hardware Approach. The hardware approach Is as follows:

*FCEP

- Develop a third generation of the proven Tuboomer/Asquare system
- Use PC card construction for flexiblity



- Use space system proven card retention techniques

- Design circuits and select components for low (electrical) stress

- Use special enclosure design and fabrication to reduce weight

- Combine the data link encoder/decoder into the FCEP to reduce

enclosure and cable weight

" Sensors

- Use high quality pressure transducers for accuracy (use data in

RPV location)

- Adapt missile components for gyros and accelerometer - specify

adaptations and procure

- Use a three-axis magnetometer - high quality - for heading

indications

" Controls. Specify and procure a new servo-actuator.

Analytical Approach. The analytical approach to the autopilot and flight con-

trols development included the following:

e Use progressively updated computer models for analysis
* Provide conservative damping rates for all loops

* Close all RPV stability loops on board to avoid loss of control due to

pilot error

e Use simulation to validate recovery flight path stability and control

e Analytically verify acceptable stability and control in all flight modes

Testing Atproach. The approach to testing and validating the autopilot and

flight controls Involved the following:

* Gromd test.
- Electronically test each assembled PC card against approved

aceptane test procedures

- Eectroically test the assembled FCIP agaist an approved

acceptance test prooedure
- Acoaptanoe toot an/or calibrats a sensor oomponents
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- Acceptance test all servo actuators

- Conduct complete RPV systems test prior to shipment for field

tests

9 Flight tests

- Provide radio control capability for initial flights

- Provide switching system to build up the autopilot and separately test

different loops in order to isolate design weaknesses

3.4.3 Requirements

The basic requirements for the autopilot and navigation capabilities were for

performance consistent with the required operational levels. Specific require-

ments included the following:

e Augmented stability

e Link-loss maneuver to recover link

* Pre-programmable flight path control with operator override/

correction

- Repetitive search patterns
- Loiter orbit

- Landing approach

- Ascend/level off

* Automatic and manual flight path control

e Autopilot modes

- Heading command/hold

- Altitude

A further basic requirement was the simultaneous development of the RPV

stability loops (closed on board the RPV) and the flight path stability loops

(closed throuth the OCS computer) to ensure flight path and RPV control and

stability in al flHght modes. The analytical evolution and RPV hardware evo-

lution m descrbed in the following paragraphs.

115



3.4.4 Flight Control and Navigation - Analytical Evolution

Guidance loops for the RPV-STD were designed with good stability margins as

a basic requirement. Guidance equations for the various modes were either

linear or could be linearized for small perturbations about a nominal path.

Although no strict requirements were imposed, guidance gains were normally

set to provide at least 50 percent of critical damping for motion about the

nominal path. Guidance loop bandwidths were made as high as possible with-

out significantly affecting airframe or autopilot stability characteristics. After

design to linearized requirements, large-amplitude stability was verified by

simulations.

Since no contractual requirements were specified for the airframe stability

characteristics other than that they be adequate to meet program objectives,

no arbitrary stability requirements were Imposed. Whereas it was recognized

that each airframe or autopilot mode must have positive damping to avoid

catastrophic flight, the more significant aspect of stability was felt to be that

associated with gust response. Recovery was considered to be the most criti-

cal phase of the RPV-STD mission; therefore, a low-amplitude, well-damped

gust response transient was necessary If the aircraft were to follow the de-

sired approach pth with a minimum of disturbance. This motivation shaped

the design of theautopilot and suggested the incorporation of a normal accel-

erometer to provide a quick response signal to the elevon to alleviate vertical

gust loads. Stability against lateral gusts was improved by tilting the roll-yaw

gyro for roll rate dominance while retaining only enough yaw rate to ensure an

adequate heading rate reference. With this gyro orientation, stability augmen-

tation of the Dutch roll mode was diffioult since only elevons were available

for lateral control. Furthermore, siace no vertical Lsrodlymio surface was

available for yaw dmplng, the airframe Mich roll mode was only lightly
damped. However, sin. the Dutoh roli amplitudes ezpeotad to occur in flight

did not appear to be large enough to degrade target location aocuraoy or jeop-

ardize an other aspect of the RPV-STD mission, this low damping was con-

sidered no wuse for concern, and no design modifications were attempted.
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3.4.4.1 fht Control/Navigation System LolD Evolution. The RPV/f'I
flight control/navigation system underwent significant changes from its incep-
tion to the final design. The basis for these changes lay primarily in the
results of analyses and simulations previously derived from LMSC independent

development programs, which provided the technology necessary to understand

many unique aspects of the RPV-STD program.

The basic concept of the RPV-STD onboard flight control system experienced

little change during the design and development phase of the program. Mech-

anization details, however, underwent significant change. The original auto-

pilot was designed to incorporate three electrically independent closed loop

systems to provide:

" Airspeed control

" Altitude control

" Heading control

The final design retained this basic control concept, although the autopilot

categorization was revised to the following semi-independent closed loop

autopilots:

* Pitch autopilot

e Altitude autopilot
SHeading autopilot

Block diagrams of the thre, fully evolved autopilots are shown in Volume I of

this report. Each autopilot Is uniquely characterized by ito control element:

in-phase elevon motion Is the control element in the pitch autopflot; engine

rpm Is the control element In the altitude autopilot; differential olevon motion

Is the control element tn the heading autopflot. In oontrast with the original

design owce, hewter, the flight variable controled may vary with the

in Volume I. Discussin oat ie three a"uoilot loops ts presse In th folow-
ing seotsm.
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Pitch Autopilot. In all guidance modes except the final approach, the pitch auto-

pilot controls airspeed; during final approach, the pitch autopilot controls the

vertical displacement from the ideal approach path, which coincides with the

boresight of the approach TV camera. In the originally conceived version of

the flight control system, in-phase elevon motion was to be used to control air-

speed during all guidance modeb. However, early in the program it was real-

ized that the tight control requirements imposed by the recovery process neces-

sitated a control system with as fast a reaction time as possible for controlling

flight path deviations, whereas vehicle airspeed control during approach was not

so critical. Therefore it was decided to interchange the control roles of the ele-

von and engine during final approach; that is, the elevon would control path de-

viations, and the engine would control speed. This complicated the clean divi-

sion that had originally existed between the speed and altitude control loops,

but a switching logic was developed that minimized the requirements for addi-

tional flight control electronics to accommodate the dual control roles imposed

by this approach. Six-degree-of-freedom simulafons of the recovery dynamics

verified the great improvement brought about by this change and more than

Justified its cost.

The original RPV-STD flight control concept had no provision for a pitch rate

gyro or normal accelerometer. Because of the requirement for more damping

in the short period mode, it was decided that a rate gyro should be incorporated

to measure pitch rate, the output being fed through a gain to the elevons to

provide short-period damping. The normal accelerometer was added to pro-

vide a fast control loop for vertical control during final approach. It served a

secondary purpose by providing a signal for damping phugod motion.

In the original fg control concept of the RPV-STD, phugold damping was
achieved by a derived rate signal obtained by passing the output of the airspeed

trailsr through a lead filter. Dynamic simulations disclosed the existence

of violest short-period ltabilles due to errors Induced in the pitot-static

sse by ile-of-attack variatons. Furthermore, the amplification of noie

from the airoseed traundeer by passing the signal through a rate filter was of
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considerable concern. With the existence of a pitch rate gyro and a normal
accelerometer, however, effective phugoid damping signals could be shaped
by '"eeudo-integration", of either signal, I.e., passing the signal through a
first-order lag circuit with a time constant considerably greater than the time
constant of the phugold mode. Studies were performed to determine the rela-
tive merits of the two methods. It was found that the filtered accelerometer
signal was superior to the filtered rate gyro signal in every respect. Both
signals provided adequate phugoid damping; however, the accelerometer signal
caused smaller pitch excursion and altitude variation during a gust and exhib-
ited a milder coupling effect during a turn. Based on these results, the accel-
erometer signal was chosen for the phugoid damper input. Because of the high
dc gain of the phugold damper, a do washout circuit was also incorporated into
the filter. Figures 31 and 32 show the results of 6 degree of freedom (DOF) simula-
tions to determine the pitch responses to gusts and turns, respectively, in
order to obtain performance comparisons of the two phugoid damping concepts.

Initial flight tests showed sporadic accelerometer errors that seriously
affected the aircraft performance. Inspection of the flight records revealed
considerable wandering of the phugoid damper signal with frequent saturation
(limits were set at *10 deg). The accelerometer errors were attributed pri-
marily to deterioration of the output signal potentiometer Induced by in-flight
vibrations. It was decided to replace the accelerometer with a force balance
servo unit, which was smaller and inherently more accurate. Flight perform-
ance was much Improved with the new accelerometer. However, occasional
bursts of phugpid type motion were observed, which signal simulation event-
ually showed to coincide with periods of damper saturation, as illustrated by
the signal time history shown in Figure 33. This curve was generated by pass-
ing actual flight accelerometer daa through a simulated phugoid damper filter.
This was necessary since the eutput of lids filter was not monitored during
flight. It Is CleaM that the higk SUlPihUde oefllations started at the same time
signal saturation ocurred. As a result of this operation, the phugold damper
authority limits were raised from m10 to *15 deg. Smultanously, the pitch
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Figure 33. Aquila Flight 44 Simulated Phugoid Damper Signal

outer loop trim authority and the pitch outer loop authority limits were in-

creased from +10 to h15 deg to permit these signals to adjust the elevator trim

commands to allow for spurious phugoid damper outputs.

In accordance with the decision to use the elevon to control vertical path dis-

placement during final approach, a filter was designed, with the accelerometer

signal as input, -to produce a Z signal for comparison with the telemetered

command iC " Since the resulting filter was similar in form to the phugoid

damper filter, common circuitry was used so that during final approach the

output of the phugoid damper signal was switched to an additional lead filter

and the output used to compare against Ic " The 15-sec time constant in the

pseudo-integrator and dc washout portions of the phugoid damper, however,

proved to be an unsatisfactory approach, since the transient introduced in this

filter at the Initiation of the final approach mode created offset recovery

errors whose magnitudes had not diminished to acceptably small values when

the aircraft reached the recovery net. Therefore, the 2 flter time oontants

were changed from 15 to 5 a, and separate circuitry from the phugold

dmper was reqUired for this portion of the 5 filter.
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Other features incorporated into the pitch autopilot during the developmental 

phase of the program were: 

e A 4-scc lag altitude command filter to reduce peak transient loads 

due to step changes in the altitude command 

(V An elcvon gain scheduler to reduce the ~llins at high velocities and 

associated nigh dynamic pressures 

® A -G-deg el.evon bias command to provide capab!lity for higher nega

tive elevon settings in accordance with observed airframe trim 

requirements 

Altit~de Autopilot. The final design of the RPV-l:!TD altitude autopilot is 

basically equivalent to the original conception with only a few modifications. 

As originally conceived, the commanded altitude is compared to the output of 

!In altitude transducer, and the error is fed through a gain and limiter to gene

rate a climb rate command. The altitude measurement is passed through a 

differentiating filter and the resulting h estimate is compared to the com

manded climb rate. The climb rate error is then passed through a 

proportional-plus-integral gain to generate an engine rpm command. An rpm 

sensor provides the feedback in the rpm -servo loop, which is closedaround 

an inner throttle servo loop. 

The decision to use the elcvon to control vertical path deviation during final 

approach required transfer of the speed control task to the engine. Thus, 

during the final approach mode, altitude error and the feedback altitude rate 

arc switched out and replaced by speed error. Thus, the title autopilot be

co.'TicA somewhat of a misnomer, since during final approach the controlled 

flight v:'1.riable is airspeed. 

Early flight tests revealed that fluctuations :!.n the altitude rate signal were 

bcin~ introduced by angle-of-attack changes. It was concluded that angle-of

attn.ck feedback was being introduced in the altitude :rate loop through the alti

tnde pressure port locatM in the nose section. It was found that the value of 
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the time constant 'rD in the altitude rate loop could be increased significantly

while maintaining adequate gain and phase margins in the loop. This would

permit more effective filtering of frequencies In the short period range. The

final design value of T D was 4 sec, which proved to be adequate to filter out

the undesired frequencies.

Observed quantization effects due to coulomb friction or deadband in the actu-

ator servos led to analyses and simulations to determine what effects such

phenomena might have on the RPV performance. One consideration was the

effect of throttle servo deadband on aircraft performance. Figures 34 and 35

show the results of a 6-DOF simulation of the vehicle dynamics with a 2.5-
percent throttle servo deadband. Since the full throttle range corresponds to

an 80-deg servo displacement, the assumed.deadband was equivalent to a total

servo free play of 4 deg. The variations in speed, altitude, and engine rpm

associated with the limit cycle oscillations caused by the deadband were

observed to be quite small and were not expected to cause any significant

adverse effect on the RPV performance.

Abort provisions in the Initial design of the RPV-STD altitude autopilot Included
a step input directly to the throttle at the initiation of the abort command. This

had the tendency to Ildi the engine. Therefore, a change was made to Input

the throttle command at the summing junction ahead of the integrator Inside

the rpm servo loop. This resulted in a command signal to the throttle that

was ramped at 25 percent per second, thereby reducing the probability of

killing the engine.

A 1-sec lag filter was incorporated to reduce the transients associated with a

step input.

Hedim Autodlet The original beading autopilot consisted of an inner head-

Ing rate loop closed through a rate gyro with an outer heading loop closed

through a mapetoester. The inner loop is alwas closed, but the outer loop

Is cood only during the dead reckoning mode.
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Figure 35. Aquila Limit Cycle Trace for Throttle Hysteresis Deadband

The inner (heading rate) loop- is closed through a rate gyro tilted so as to pick
up components of both roll and yaw rate. Originally, the gyro signal was com-
pared directly with the heading rate command to generate a heading rate error,
which was passed through proportional and integral gains to produce a differ-
ential servo command to roll the aircraft into the direction commanded. Sub-
sequent design studies revealed that a feedback filter increased the loop band-
width significantly. Gyro tilt angles which resulted in predominantly roll rate
indication with adequate yaw rate to produce a heading rate reference were
found to be most desirable from a lateral pust stability viewpoint. The tilt
angle selected was 20 dog downward from the longitudinal axis of the RPV.
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This heading rate loop was formulated early in the program and remained

unchanged during most of the demonstration flights. However, high-frequency

servo/airframe instabilities were observed prior to launch,which hampered

prelaunch checkout activities. A first-order lag circuit with a 0. 016-sec
(10 Hz) time constant was inserted in the loop immediately after the rate gyro.
This eliminated the prelaunch vibrations while not signffieantly decreasing the

loop phase margin.

The outer loop of the heading autopilot is active only when the dead reckoning
mode is being employed. In this mode, the heading autopilot receives its com-
mands in the form of sine and cosine of the desired heading, stored onboard

the aircraft in a circulating register to permit transfer to successive legs of
a dead reckoning pattern. These commands are mixed with the X- and Y-
magnetometer outputs according to the sine difference formula to produce an

error signalwhich (for level flight) is the sine of the heading error. Multi-
plication of this error signal by a proportional gain produces a heading rate
command which then completes the outer loop.

The original outer loop design incorporated sampling logic such that the error
signal would be computed and sampled only when the roll-yaw rate gyro output
was low enough that a near-wings-level flight condition was indicated, thereby
ensuring that the Y-axis magnetometer output would not be corrupted by the
dip angle oomponent of the magnetic field vector. After each sampling, an
open loop heading rate profile would be commanded, after which the wings
level condition would again euist, and a new heading error could be computed

*. and sampled and a new heading rate profile generated.

* It was determined, however, that the sampling system just described was not
necessary and that the heading autopilot could be made to work with a ooutinu-

ally closed outer loop If the outer-loop gain were maintained at a sufficiently
low level. That is, the error signal computation would ignore the roll condi-
tion of the aircraft (as indicated by the output level of the roil-yaw rate gyro)
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and perform the computations as If the airplane were flying straight and level.

The errors introduced thereby would affect the nature of the response to a

given heading command but the steady-state values would not be affected.

Simulations were performed on the LMSC 6-D digital program to determine

the response to various direction commands, using an outer loop gain [KH 

0. 1 (deg/sec)/deg] which provided adequate damping in the heading mode for

all directions and an airspeed of 100 KEAS. Figures 36 through 43 show the

heading and roll angle response to various heading commands (Hc) for Initial

heading angles (H) of 0 and 180 deg. Velocities of 60 KEAS and 100 KEAS

were simulated. It can be seen from the figures that a steady-state error

normally exists between the commanded and the final steady-state heading.

An error analysis of the heading autopilot showed that this steady-state error

arose because the X-magnetometer axis was not precisely horizontal. The

simulations illustrated in these figures were based on the assumption that the

X-magnetometer was oriented parallel to the aircraft longitudinal axis. In the

straight-and-level flight condition, therefore, the X-axis magnetometer would

be tilted from the horizontal by an amount equal to the aircraft angle of attack.

The corruption of this magnetometer output due to the dip of the magnetic field

vector can be shown to introduce a heading error which, for small pitch error,

is approzimately equal to the magnitude of the pitch error angle multiplied by

the tangent of the dip angle and the sine of the heading command. Since the

dip angle in the vicinity of the RPV-STD flight tests Is approximately 85 deg,

the steady-state heading error induoed by the X-axis magnetometer pitch error

is apprazlMaely 2. 7 times the pitch error times the sine of the commanded

heading. Since the aircraft flies a speed rang for which the, angle of attaok

varies by approximately 5 deg, tilting the X-azi. magnetometer for zro pitch

error at the midrane angle of Waek Would result in a maximum pitch error

of about 2. 5 deg. This translat. into a madmum steadOtate hediNg error

of slmoot 7 deg.
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An additional error source is bias error of the roll-yaw rate gyro in the inner
loop. A bias error of 0.5 deg/sec, for example, will produce a steady-state

heading error of approximately 19 deg. Since this amount of heading error
was considered to be intolerable, an integral gain was added to the outer loop to

trim out the steady state error due to roll-yaw rate gyro bias error. The
output of this contribution to the heading rate command was limited to *2 deg/
sec to avoid large buildups and overshoots for a large turn angle command.

In the autopilot linear stability analyses, initial gains in the RPV-STD flight

control system were established by performing linear closed-loop stability
analyses of the airframe and associated avionics. Root locus and Bode plots
of the various autopilot loops were constructed. The analyses showed the

successive effects of closing the loops in the pitch and altitude autopilots.

The aircraft speeds associated with the analyses were 120 KIAS and 48 KIAS,
which adequately bracketed the capabilities of the RPV.

In preparation for the RPV-STD initial flight tests at Crows Landing, extensive

6-DOF simulation was performed to verify the validity of the airframe/flight
control system and to ensure that the planned autopilot loop engagement se-
quence had no hidden pitfalls. Figures 44 and 45 show the responses of the
open-loop airframe to elevon Impulses in roll (6R) and pitch (6E), respectively.
A lightly damped Dutch roll mode is seen in the response (Sg of the roll-yaw
rate gyro. Spiral divergence is evident from the slowly increasing roll angle
(0) . In the longitudinal mode, a well damped short period mode is seen in
response to the pitch disturbance. Figure 46 shows the response to a throttle

servo Impulse (6STH). The lightly damped phugold mode is clearly evident in
the altitude and velocity traces.

Figure 47 shows the differential elevou, roll angle, and yaw rate (body fixed)
responses to a heading rate command I deg/sec after closing the inner loop of
the heading aatopilot. Pitch elevon and throttle srvos are assumed fixed dar-
Ing this maneuver. Figure 48 shows the altitude and sideslip angle variations

result*n from the mamuve .
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The engagement of the phugoid damper - the next step in the sequence - was

expected to excite phugoid motion in the aircraft In the process of closing the

loop, since the phugoid damper had a very low bandwidth and was expected
to have some output when the switch engaging this loop was closed. This out-

put could be due to the disturbance associated with rolling out of a turn, which
would induce a transient in the output of the damper, the residue of which would
cause a step change In the elevon command when the switch was closed. Fig-

ure 50 shows the effect of engaging the loop for an initial phugoid damper out-
put of 5 ft/sec. The resulting dive and recovery occurs with the throttle servo

fixed and no speed error signal to the elevon.

Figure 51 shows the response to be expected to a 3-deg/sec turn command

with the short period and phugoid dampers engaged. A much greater altitude

loss occurs than in the case shown earlier with these damper loops open with
the same turn rate command. This is because the accelerometer begins to
pull more load in the turn, resulting In significant phugoid damper output and

subsequently a positive (trailing edge downward) command to the elevon.

Figure 52 shows the transient to be expected from engagement of the airspeed

loop, assuming an initial RPV airspeed of 60 KEAS and a commanded airspeed

of 57.5 knots at the time of loop closure. Another simulation - not shown

here - showed that for a 5-knot error between commanded and Indicated air-
speed, a change in altitude of approximately 25 ft might result.

Next, with the airspeed loop engaged, a 3-deg/sec turn was commanded. The
transient responses in roll angle, airspeed, and altitude to be expected from
this command are shown in Figure 53. Much smaller speed buildups and alti-
tude losses are noted in this case, since the speed error now introduces a nega-

tive command to the elevan, countormotug the spurious command from the

phuo.d damper.
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Figures 54 and 55 show the responses to full and quarter throttle commands

with the phugoid and short period dampers engaged and the airspeed control

loop closed. As expected, tight airspeed control is maintained, while the RPV

adjusts to a climb or descent rate compatible with the throttle setting.

Finally, the response of key parameters to engagement of the altitude loop is

shown in Figure 56, based on an assumed altitude error of 100 ft at the instant

of closure. The plots show that the vehicle climbs to the required altitude and

levels out with very little fluctuation in airspeed. Engine rpm peaks quickly

and gradually decays to its trimmed condition.

3.4.4.2 Guidance Mode Evolution. The RPV-STD system was designed with

six guidance modes from which any required mission could be constructed.

These modes are as follows:

* Manual

* Waypoint

* Laiter

* Spiral Search

* Dead Reckoning
* Final Approach

Although these mode have retained their same basic character throughout the

program, some changes have boon incorporated which have resulted in needed

improvement in performance. These changes are discussed in the following

subsections. A seventh section is included to discuss the RPV-STD launch.

Although not a separate guidance mode, this phase deserves special attention
becau of the Increased senitivity of performance to misson success.

Malal Mod. During the mnum l operating mode, the RPV is in a semi-
automatic control mode. Arspeed and altitude are controlled by thumbwhels
on the mamnal flU control panel. Heading rate is controlled by a rate com-
mod knob, which allows up to * dog/se turn rate oommands, and a manual

.1p
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trim kno~b, which Is used primarily for trimming out bias errors originating in

the roll-yaw rate gyro.

Waypoints. Waypoints are locations defined by the universal transverse

mercator (UTM) coordinate system. Each waypoint has a five-digit northing

coordinate and a five-digit easting coordinate. In addition, each waypoint is

assigned an altitude and airspeed that the aircraft will be commanded while
flying from the first waypoint to the second waypoint. Altitude and airspeed
control are achieved In exactly the same way as during the manual mode.

However, heading rate commands are variable and computed In the GCS com-
puter according to the following guidance law:

-ic (KP U (KDR 1. +Df D) LIM dt
1 2 j LIM t4

3

where

if M headig rate command
D 0 lateral deviation from desired ground track (straight line

betwe WIP 1 and WIP 2)

-time rat of change of lateral deviation

KDR - rawe gain

% -ID~ it gain
ACM~S - strtig value for Integral term

The valu. of D in tOw guidance eqtion to based onAPY oordinatlecm te
fro mothed values of RPV qan=e andsmuth relativ, to the tracker.
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The original waypoint guidance equation had only a proportional and a rate

term. The integral term was added early in the program to eliminate standoff

errors resulting from bias errors in the roll-yaw rate gyro. This term intro-

duces an additional characteristic motion in the waypoint guidance mode, char-

acterized by a slow exponential decay. A magnitude of gain small enough that

the stability of the primary waypoint motion was only minimally affected was

chosen.

Early flight tests revealed the existence of a limit cycle instability in the way-

point mode,which occurred at long ranges when the RPV flight path was nearly
in line with the range vector. This instability took the form of a periodic roll

oscillation at a period ranging from 2 to 4 sec. The amplitude of the oscilla-

tions was associated with peak heading rate commands of +6 deg/sec corres-

ponding to the limiting values In the waypoint guidance algorithm. Analysis of

the flight data showed that the observed heading rate commands could not pos-

sibly have caused flight path deviations of sufficiently large magnitude to have

generated those commands. This reasoning led to the conclusion that the RPV
position computations must be in error. Correlation of roll angle (from video

tape playbacks) with tracker azimuth angle showed that an azimuth error was

induced by aircraft roll. This error was attributed to antenna polarization

effects and was later confirmed by field tests. The effect on the system dy-
namics is obviously enhanced at long ranges (where a given azimuth error

produces a larger RPV position error) and for RPV motion along the range
vector (a condition in which the azimuth error sensitivity is most pronounced).

Root locus analyses and point mass guidance simulations verified that the in-

stability was caused by roll-traoker coupling. Efforts to alleviate this
Instability constituted a significant engineering effort on the RPV-STD pro-

gram. The following changes were incorporated Into the waypoint guidance

equation to eliminate this instability:

i Reduce all waypoint guidance gains

o nmoth rango and azimuth data over 0. ssec (previously 0.8 eo)
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e Change command update interval to 0.5 sec (had been 1 sea)

9 Compute b from digital algorithm to simulate

5 = 5 (1+0.45)]/[(1+5) 2 ] [had been computed from second back-
ward difference formula, i.e., I1 (D1-D 2)/2J

e Limit allowable rate of change of HC

All of the above changes had a beneficial effect on the stability of the system.

However, the last of the listed changes was the most effective, although it
was discovered that if the limit Imposed were too small, it could introduce

enough lag into the primary guidance mode that a "snaking, motion could
occur, which would build up into a large limit cycle motion about the waypoint

line. The limit finally incorporated into the guidance equation (RCJIJ =

1.2 deg/sec 2) was set large enough to minimize the probability of this occur-
rence and small enough to provide adequate reduction of the amplitude of the

roll-tracker coupling oscillations.

Loiter. Any time the loiter button is activated and waypoint registers 70 and

71 are all zeros, the RPV must enter the programmed loiter pattern using

the last calculated RPV position coordinates as the loiter point. Airspeed

and altitude commands in the loiter mode will be the same as commanded

prior to loiter activation.

The original guidance equation implemented for the loiter mode was:

1C (K *L + KL "L)LIM (2)

where

L " radius from loiter point to RPV

L - rate of change of L

KL - proportional gaip

K a rt gain
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The loiter mode has worked well in RPV-STD flight tests. It has at times

exhibited the same roll-tracker coupling problems apparent in waypoint flight;

however, the problem has not been as pronounced in loiter because of the

absence of sustained flight In a direction parallel to the range vector. Point

mass simulations of the RPV position following loiter mode guidance were run

to evaluate the loiter mode guidance scheme (see Figure 57). Generally, the

higher value of Ki, was found to provide improved loiter performance in

strong wind conditions, although at the expense of increased noise to the ele-
von servos. The gain chosen was felt to provide adequate performance under

windy conditions while maintaining the noise at an acceptable low level.

During the course of the RPV-STD program, an improvement in the loiter

guidance equation was incorporated, represented by (signal limiters not shown)

iC HC0 + KL(L - LO) + K, i.+ f KL(L- Lo) dt (3)
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where L. is the desired loiter radius and ICo is determined as the value of

the steady-state turn rate compatible with the selected value of Lc and the

RPV speed. This guidance law permits the selection of the loiter radius inde-

pendently of the gain KL .

Because of the similarity in the forms of the waypoint and loiter guidance

equations, the guidance software was designed with many points of comman-

alty in the computation of the heading rate commands for the two modes.

Therefore, some changes in the loiter guidance equation mechanization were

effected as byproducts of the changes to the waypoint guidance equations.

Examples of such changes are:

* lncreased update rate of guidance commands

e Digital algorithm used for rate computation

* Limit imposed on C

* Gains reduced

All of these changes were discussed in the waypoint guidance section.

Spiral Search. If waypoint 60 airspeed is zero, a spiral search pattern will

be flown about the present RPV position when the search ommand Is given.

The guidance equation for this mode is designed to produce a path which spirals

outward from the RPV location at the tino of itlation of the search mode.

The guidance equation for the spiral search mode is as o ews

ho -( .KLL) (4

where

L M adil tasnse frm Ief whm sareh was b~UMl
L a rate of chang of L

T a time lapsed sincesearch was Initiatd
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KL  = proportional gain

KI = rate gain

IHCLIM = *6 dog/see

The search mode has worked well from the beginning. No significant changes

have occurred since its inception, except for certain changes incorporated in

waypoint because of roll-tracker coupling problems and changes incorporated in

search because of software commonality characteristics.,

Dead Reckoning. The dead reckoning mode was designed to give the RPV the

capability of self-guidance while out of contact with the data link. Commands

to the flight control system are stored onboard the aircraft in the form of sin

(magnetic heading), cos(magnetic heading), lag time, altitude, and airspeed.

Three consecutive dead reckoning legs may be flown; therefore, three sets of

stored data are required.

This is a basically simple guidance mode and has not undergone any significant

changes during the development of the RPV-STD system. Any evolutionary

development in this mode has taken place In the outer heading loop of the head-
ing autopilot and was discussed earlier in this section.

As indicated in Section 4.4 of Volume MI of this report, three dead reckoning

legs were flown, and the command data link was reestablished. Analysis of the

data indicated anomolies in positioning the legs and In reestablishment of the

command link. Software and circuit changes to correct these anomolies were

not accomplished in light of higher priority objectives. Consequently, this flight

mode was not available for evaluation at the time of delivery to the Army.

Final Approach. The final approach mode is by far the most demanding of

controlled airframe performance and has received a major share of attention

in engineering design and development. Extensive analog and digital simula-

tions were conducted.

The commands issued by the GCS during this mode are as follows:wef



=+ + ( ( d+ (5)

+ f Ky (d + d b ) ty +A + 5IM

C [KZ (d + db) Z] CLM (6)

where

C - heading rate command

d = range from ground video camera to RPV

db = range bias (constant)

Ky lateral proportional gain

Ky - lateral integral gain

ty = lateral angular deviation from vertical approach plane

- = time rate of change of Xy
IM 1-6 lateral guidance signal limiters

t C vertical velocity command

Kz vertical guidance gain

A y = vertical angular deviation from glideslope

SCLI - itingvalue of

; These commands are designed to keep the RPV on a 4-deg glide slope that

Intersects the vertical net In Its approximate center. An operator-controlled

cursor tracks the RPV via a ground-mounted television camera aligned with,
and establishing, the glide slope. Offsets of the cursor from the center of the
TV screen, Az (vertical angular offset) and Ay (lateral angular offset, are

used in the computation of the guidance commands presented above.
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Control of the cursor is effected by an operator using a two-degree-of-freedom
control lever that generates cursor rates jy and iZ proportional to the

lever displacement components in the two directions of freedom. The cursor

offset amplitudes are obtained by integrating the cursor rates.

Early In the RPV-STD program, it was determined that the time lag of the

operator in his efforts to track the RPV image with the cursor was

a potential source of error. Both digital and analog computer programs were

developed to simulate the recovery process. Human operator transfer func-

tions were used in the digital program, which included the complete RPV non-

linear equations of motion; simulated electronics; and analytical models of

sensors, servos, and engine dynamics. The analog program used linearized

perturbation equations for the RPV and engine dynamics, and simulated servos

and avionics. Human operator control was incorporated by tying the simulated

aircraft motion into an oscilloscope to simulate the RPV image on the TV

screen and generating a cursor image driven by the operator's control action.

Guidance commands were computed using analog elements with the cursor off-

sets and rates as inputs. The guidance commands were tied into the RPV dy-

namic simulation to complete the loop. These simulations were later comple-

mented by an analog simulation (Reference 4) , which allowed improvements in

the RPV dynamic simulation and tied in the actual avionics and GCS software to

the simulation. These simulations provided much Insight, which contributed

greatly to the success of the recovery operation.

The following brief summary illustrates the changes incorporated during the

course of the program:

0 Range biasing In the guidance equations allowed the recovery gains

to be tightened as the RPV approached the recovery net.

* An Integral term in the latm l guidance equation permitted washout

of lateral offset error due to inoomplete gyro bias trim.

e Guidance gains were adjusted for opttnum recovery based on actual
operator auperienoe 0 simulated recoverios.

(4) Lockheed Missiles & Space Company, Inc., _la P ter Test rt
CDRL AOOD. Bystem Simulation, IMOC-L028081, Part 2, 8MUyIl, Calif.,
14 Feb 1977
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9 Electronic cursor gains were adjusted to optimize operator perform-

ance in controlling the cursor to follow the RPV image.

A significant source of error associated with the RPV recovery system is

caused by the transient induced in the accelerometer lead filter when the RPV

undergoes the transition from straight-and-level flight to a 4-deg glide slope.

If the output of the filter just before transition is zero, the output Immediately

after would be (assuming a dirac delta transition) VTRUE sin 4° . This

effective initial error in I (the vertical velocity normal to the glide slope)

would decay gradually during the approach and would result in a gradually

decreasing standoff error that Is proportional to the gain in the vertical

guidance equation. The exponential rate at which this standoff error changes

is a function of the time constant -A 3 in the filter. The formula for this

standoff error (for an ideal transaction) can be shown to be approximated by

V° sin 4"z 2 Kz 1-- (7)

The value originally set for -A 3 was 15 sec, which represented a filter Iden-

tical to that of the ph~eid damper. This allowed a dual purpose for the filter

during approach and other modes. However, since this yielded an unaccept-

ably large standoff error at recovery, it was necessary to build a separate

filter for the accelerometer signal during approach. Recovery simulations

indicated that TA3 - 5 sec would provide good control performance while

reducing the transiton standoff error to an acceptable level.

Results of a typioal recovery simulation are shown in the plots of Figure 58.

These curves show the vertical error from the glide slope, assuming no Initial

displacement error. The resulting transients are omused by overshoot as the

RPV crosNs the glide slope. A slight velocity builup occurs as the RPV

pitches over end starts its descent. This excess velocity decreases agai as
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the engine backs off in response to the negative speed error signal. When the

aircraft reaches the recovery net, the simulation shows that the airspeed has

dropped back to the desired approach speed (ft 48 KEAS). The simulation

assumes an abort command of 2C = 10 ft/sec initiated just prior to recovery.

The simulation disclosed the danger of such a design, since approximately 6

sec after abort initiation the airspeed has dropped back to 35 KEAS, and the

aircraft is dangerously close to a stall condition. This abort concept was

abandoned because of the stall danger. Present abort provisions consist of a

transfer from approach guidance to Waypoint guidance. Abort in the current

version must be triggered earlier in the approach phase than the original con-

cept required.

The effects of sharp-edged gusts on miss distance are illustrated in Figures

59 and 60, which show the vertical and lateral errors caused by a 15-knot step

wind initiated at varying distances before recovery. A headwind was used to

excite the vertical errors, and a sidewind was assumed for the lateral errors.

A vertical wind of this magnitude was considered highly unlikely at such a low

altitude. The most critical time to be hit by either a head or side wind is

seen from these plots to be about 100 ft before recovery. If the wind hits

later than this, it has little time to create a significant disturbance; if it hits

earlier, the RPV flight control system has time to adjust.

Launch. During launch, the RPV is flying with a fixed airspeed command and

a heading rate command that has been biased to trim out the feedback signal

resulting from roll-yaw rate gyro bias. The engine is responding to an alti-

tude command which is high enough to cause full throttle operation.

Extensive launch simulations were performed early in the RPV-STD program,

using a 6-DOF simulationwhich had been developed under LMSC independent

development funds. These simulations considered a large number of varia-

tions from nominal conditions Including head and tal winds, side winds,

altitude variations, launch speed variation, RPV weight variations, tipoff
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rates, angle of attack, and flight-path-angle variations. As a result of these

simulations, it was found that the velocity command at launch (and about 20 see
thereafter) was the most critical parameter in a successful launch. The indi-

cated airspeed at launch should exceed the airspeed command by several knots

to ensure a sharp climb angle. It was found that angle of attack was relatively

unimportant. The RPV quickly adjusts to the proper angle of attack after

launch. Therefore, it was decided to design the launcher for a single angle of

attack launch, thereby simplifying the launcher design.

Figures 61 and 62 show the results of some typical simulations. The first

figure shows how the angle of attack quickly adjusts for initial angles of attack

of 5 and 9 deg. The second figure shows how the launch velocity affects the

climb profile. In each of the three curves shown, the airspeed command is

85 Ion/h, or 45.8 knots. For a true launch velocity of 56 KTAS, the climb Is

good out to 24 sec, at which time the speed command Is increased to 92 km/h.

After the increase, a slight dip in the profile Is seen, although the climb rate

Is still substantial. For VL = 50 KTAS, the climb profile is seriously de-

graded, but the launch would probably be successful. The third curve,

VL = 44 .7 KTAS, shows a climb profile which would definitely result in a

crash.

Tallwlads at launch result in lower indicated airspeeds that have the same

effect as lowered airspeeds. It Is therefore not recommended to launch with

a tailwind. launching Into a headwind, on the other hand, has a beneficial

effect. The indicated airspeed will be high, and the RPV will climb steeply in

an aempt to lose speed.

3.4.5 FlIht Control and Navigation-Hardware Evolution

The flight control and naviga*ti hardware Includes the flight control electronics

packsge and the multiple transduoers and servo actuators. The Aquila RPV repre-

sent. the third-generation RPV flight control system designed and built by LMSC.

The prototype flight control system was flown at Hamilton Air Force Base, Calif-
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ornia, on 29 June 1974, in the "Tuboomer" research test vehicle RTV-2. The

second-generation flight control system was used in the Aequare RPV.

Flight Control Electronic Package (FCEP). Although based in many ways upon

the previous generation hardware, the Aquila FCEP included several new

features as well. The prelaunch checkout, launch, recovery, and dead reckon-

ing imposed several new operating modes in the FCEP electronics. Each of

these modes required switching of analog signals to initialize, complete, or

modify the pitch, altitude, and heading control electronics. The Aquila flight

control system uses nine operating modes and six test modes, and has four

spare modes compared to the two operating modes and one test mode used In

the previous generation.

Experience gained in the previous generation of equipment indicated that the

switching requirements of these modes were highly subject to change during

the system development. In order to minimize the impact of design changes

on the hardware, programmable read only memories (PROMs) were used to

store the switch closure patterns. The address to the PROMs is derived from

the signals that determine the mode, i.e., the telemetry commands, the link

loss detector, the low voltage detector, and the link loss timer. Using this

approach had made it possible to modify, add, and delete modes by replacing

not more than four PROMs on the mode control printed circuit card.

The introduction of the approach mode used during recovery introduces two

major control loop revisions. The altitude loop Is disabled in this mode and

the throttle is controlled by airspeed. The pitch loop, which normally con-

trols the airspeed, is revised in this mode to control the z-axis velocity. This

new mode introduces new control circuits not used in previous generation

designs.

The dead reckoning mode also introduces a control loop not previously used.

The earlier generations had ali carried magnetometers for instrumentation
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purposes, but in the Aquila the RPV heading loop is closed on the magnetom-

eter during the dead reckoning mode. The remaining control loop electronics

(i.e., the pitch, altitude, and heading) are similar in design to the previous

generatiors.

The dead reckoning mode also introduces the requirement for storing informa-

tion received via the telemetry for use as commands during the dead reckon-

ing mode. This is accomplished by storing selected pulse-code modulation

(PCM) telemetry commands in three separate digital circulating registers,

each representing the RPV commands for a separate leg of the dead reckoning

mission. During the dead reckoning mode the data from the circulating regis-

ters is fed to the PCM decommutator for decoding in the same manner as in
the normal real-time operation. This method of storage required fewer com-

ponents than would have been required by other techniques considered, makes

use of the decoding and analog-to-digital features of the PCM decommutator,

and eliminates the requirement to switch several digital and analog command

signals between the PCM decommutator and dead reckoning signal source.

Both analog and digital circuits have been used in the implementation of the

FCEP. The control loop electronics are implemented using analog techniques,

while the mode control and dead reckoning storage use digital techniques.

Signal conditioning functions for telemetry or aircraft power control use both

techniques.

Electronic components (resistors, capacitors, Integrated circuits, etc.) were

selected prior to starting the design and were standardized as much as possi-

ble throughout the design in order to minimize the stocking and spares re-

quirements. This was more successful in the analog design than In the digital

design. The flight oontrol loops are Implemented using five integrated circuit

types. The digital design uses apmroucmately twenty different Integrated cir-
cuit types.
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The design of the electronics assumed a maximum ambient temperature within

the FCEP of 850C. Discrete power dissipating devices are limited to 50 per-

cent of their rating at this temperature. Capacitors are derated to 50 percent

of their voltage rating. All analog integrated circuits are used at less than

70 percent of their voltage rating. The digital circuits combined CMOS and
TTL technology. The CMOS integrated circuits were used at 33 percent of

their maximum voltage rating. Voltage derating of the TTL devices is not

possible; however, these devices were very lightly loaded. The FCEP also

contains the PCM telemetry encoding and decoding electronics built by AACOM

Incorporated. These electronics were incorporated in the FCEP to eliminate

the weight of an additional housing and the cabling that would be required to

connect the FCEP to a separate PCM encoder/decoder assembly. The prox-

imity of the PCM encoder/decoder functions to the flight control electronics

also minimizes the ground loop and noise problems on the command and status

signal lines.

The FCEP electronics are packaged on conventional two layer printed circuit
boards. Due to the evolving design requirements it was necessary to update

(B change) the printed circuit boards during the program. These updates

were included on RPV S/N 6, 14, and up.

A matrix assembly contains both the card connectors, the package I/O con-
nectors, and the interconnect wiring. This is a hand wired assembly using

crimp terminations at the I/O connectors and solder sleeve terminations at

the card connector. Wire wrap termination techniques were considered but
connector unavailability within the program schedule prevented its use. Multi-

layer board interconnect was dismissed as not praotioal during a development
phase due to the high probability of change. 5ieveral changes were made prior
to the fabrication of RPV S/N 1. The matrix wiring was also revised at RPV
S/N 14 to accommodate wiring changes required by circuit changes on the

printed circuit boards.
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The FCEP enclosure is fabricated using Lockheed LLM graphite/epoxy pre-

preg with a DLS 77 epoxy impregnant. This product was developed by the

Lockheed Georgia Corporation for lightweight airborne electronics enclosures.

The use of this material reduced the weight of the FCEP enclosure over an

equivalent design using aluminum. Fabrication man-hours of the enclosure I
were also reduced by this construction.

The FCEP electronics is tested at two levels prior to assembly in the RPV.

The printed circuit cards are individually tested and the matrix continuity is

tested prior to assembly of the package. The FCEP is then assembled and

retested as a unit.

Three problems occurred during the evolution of the FCEP. The first prob-

lem was the discovery of a white material that developed on the printed cir-

cuit card connector. This material exhibited high electrical resistance and

resisted normal cleaning attempts. The connector (A-MP 583577-4) consisted

of a blue polyurethane molded shell with blue anodized aluminum pin protector

sides and gold over nickel plated brass pins. Analysis identified the material

as aluminum oxide or aluminum hydroxide corrosion products, originating from

the pin protectors. Aluminum exposed via pin holes or scratches in the blue

anodized finish had combined with cleaning solvents used during the printed
circuit card assembly. The close proximity of the pin protectors allowed the

compound to migrate to the connector pins before drying. The pin protectors

* (optional in this connector) were removed and the problem never recurred.

Electronic component failures were the second problem in that they were ex-
.. tremely high for a short period of time. This was identified as improper

handling and storage combined with low humidity, which resulted In damage to
* CMOS integrated circuits caused by static electricity. Handling prooeduree

were modified and special grounded assembly benches were employed. These
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precautions reduced the CMOS component failure rate to a normal level com-

parable to non-CM08 devices. These failures were occurring at the piece part

and card level. No static failures were observed at the FCEP assembly level.

Heat within the FCEP created the third problem. Due to the construction of
the PCM bit synchronizer, air flow around this printed circuit card was

restricted. This created a localized hot spot which affected the operation of

the PCM telemetry. This occurred sporadically in ground tests but not during

early flights. Concern for cooling implications with the parachute installation

used only in early test flights with a Sony TV camera (Reference 5) led to a

thermocouple temperature survey (initial ground tests had used temptabs) during

the reliability improvement program. This later survey identified the PCM bit

synchronizer temperature as near limit. Cooling vents were added to the FCEP

top cover to improve the air flow, and consequently the reliability of the bit

synchronizer.

Gyro. The flight control design requires two rate gyro signals.

Previous generation design had utilized two single-axis units for this function.

A two-axis unit was selected for the Aquila RPV in order to reduce the size,

weight, and the additional cabling.

The unit selected is built by Hamilton Standard and uses the Hamilton Standard

Supergyro as the basic sensor. This sensor has been in production for sev-

eral years and has been used on both aircraft and missile programs. The

assembly includes a 28 Vdc to 400 Hz inverter for motor excitation and de-

modulators necessary to provide a dc output. The measurement range is

*30 deg/sec in the pitch axis and *50 deg/sec in the roll/yaw axis.

Zero offset error in the roU/yaw axis results in a differential in the elevon

positions, an especially undesirable feature during launch. A self-zeroing

circuit was designed and included In the unit by the manufacturer to reduce

this offset. This feature did not prove to be reliable due to poor

and long-term drift. The circuit was subsequently disabled aend the launch

(5) Lockheed Missiles & Space Company, Inc., Aquila RPV System Test Report,
CDRL AOOD. arhute NystM DevlM en Tests LMSC-L028081, Part
3, Sunny'vale, Calif., I Mar 1"72
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procedures were modified to include the operator adjusting the trim from the
ground station via the heading trim control based upon tnormation from the

status telemetry.

The zero offset was also affected when the 28 Vdc power bus dropped below 24 V.

Proper operation is needed over the range of 18 to 30 Vdc. A circuit modifica-

tion was made to correct this problem at the same time that the self-zeroing

circuit was disabled.

Servo Actuators. The servo actuator was designed and built by Simmonds

Precision. The unit requires 28 and E15 Vdc power and weighs approximately

0.7 lb. Output shaft rotation is 80 deg full scale, the rotation being internally
limited by mechanical stops. Stall torque is in excess of 20 in. -lb.

The servo actuators required considerable evolution before they performed
satifactorily. The initial units were not stable when connected to their specified

load, had excess granularity in shaft rotation, inadequate strength in the output
shaft material, and tended to have motor failure after a few hours of operation.

The units were extensively modified (Reference 6). The servo feedback poten-

tiometer was found to be one source of the granularity. The design of potentiom-

eter used a wiper wire that is pulled over the conductive material when rotated

in one direction and pushed when rotated in the other direction. The wiper

tended to hang up, then skip when pushed. The potentiometer was replaced with

a unit of better Internal design. This reduced the granularity but did not elimi-

nate It entirely.

A new output shaft design was prepared.and incorporated for added strength.

(6) Lockheed Missiles & Space Company, Inc., A la RPV tem Text Reprt.
C ARL AOD jevo-Aetiu;or Devoloo, LMC-,028081, Part 7,
BuInYMle, Cali., Avg 1977r
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Several design attempts were made to cure the oscillation and granularity prob-
lems without a major redesign. Backlash in the gears between the motor and
the feedback potentiometer allowed the servo actuator to limit cycle. The
actuator gearheads were disassembled and the gears plated, then reassembled.
The plating reduced the backlash and (in conjunction with minor changes in the
electronics) eliminated the oscillation in some, but not all, units.

A new servo amplifier design was prepared at LMSC and substituted for the
original design. The major difference was the method used to derive the rate
damping signal required for stabilization. The original design derived this
signal from the feedback potentiometer. In the original design the rate damping
signal was lost when the gears between the motor and the feedback potentiom-
eter were moving through the backlash region. The replacement design derived
the rate damping signal from the back EMF of the motor between power pulses.
Replacing the original electronics with the new design finally eliminated the
oscillation and granularity problems.

Motor failures were still a problem. The servo actuators developed "dead spots"
that were traced to out-of-round commutators in the motor. During operation
the brushes would skip due to the out-of-round condition and cause burn spots
on the commutators. These burn spots were in turn the cause of the actuator
dead spots.

The motors were disassembled and rebuilt to correct this condition. A replace-

10 ment motor from TRW Globe was evaluated and found to be an acceptable
replacement. New Globe motors were purchased and included in all servo
actuators built for RPV 14 and up.

Acceleromters. The accelerometer used in the original Aquila flight control
design was a spring-mass suspension design with a potentiometer output. The
unit was built by Bourne Incorporated.
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In the course of flight analysis of early RPV flights, during the recovery ap-

proach, it was noted that certain accelerometers had a tendency to stick or hang

up and not respond properly. Further investigation of flight records indicated

that this condition had been building up and was a function of accumulated time

on the accelerometers.

Several units were disassembled for investigation. The problem was identified

as wear on the potentiometer element due to the vibration produced by the RPV

engine. Additional units were sent to the vendor for analysis. The vendor

agreed with the LMSC analysis and suggested that another type of accelerometer

be considered as very little could be done to correct the problem in the existing

design.

A second (and more rugged) accelerometer was selected and evaluated in flight

on RPV S/N 12. This unit is built by Systron Donner and is a closed-loop servo

accelerometer. The evaluation flights were successful and the new device has

been included in RPV S/N 14 and up.

The replacement accelerometers are powered by +15 Vdc, weighs 8 oz and has

a range of -4 to +6 g.

Altitude Transducer. The altitude transducer is a lightweight (6 oz) unit that

operates over the barometric altitude range of -1,000 to +10,000 ft. The unit

requires 750 mW of power at *15 Vdc.

This transducer is a catalog item from Rosemount Incorporated and had been

used previously on the Aequare RPV. This unit has performed successfully on

both the Aquila and the Aequare programs with no design or manufacturing

problems.

Airspeed Traedwer. The airspeed transduoer provides a do output signal

proportional to Indinatd airspeed over the airspeed range of 30 to 130 knots.

The trnsduoer weighs 6 os and requires 750 mW of power at *15 Vdc.
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This transducer is similar In construction to the altitude transducer and is also

a catalog item built by Rosemount Incorporated. This transducer has been used

on the Aequare and Aquila RPVs with no apparent problems.

Magnetometer. The magnetometer is used to resolve the earth's magnetic field

in three orthogonal axes. The two axes in the aircraft horizontal plane are used

for heading control during the dead reckoning flight mode. All three axis meas-

urements are used by the ground station computer for targeting calculations.

The magnetometer was built by Superconducting Technology Incorporated. This

unit operates from the 28 V power bus and requires 980 mW of power. The out-

put signals are proportional dc levels indicating both the magnitude and polarity
of the sensed field. The unit weighs 3.5 oz.

This transducer has unfortunately gone out of production during the time span
of the Aquila program. Due to a low volume of magnetometer salesthe manu-

facturers have dropped the magnetometer from their product line and dis-
mantled their test and repair facility.

A second source for this device which is electrically identical has been located.

Although not identical dimenioually, this unit will mount in the RPV with no
modifications to the mounting hardware. This potential second source device
is manufactured by Develco Incorporated.

3.5 SENSORS

The sensor packages for the Aquila RPV included the following equipment for

the designated sensor phases:

Phase I: unstabilized gimballed TV camera, sensor electronics,

and ballast kit

Phase lt unstablised gimballed TV camera, panoramic film camera,

sensor eleotroaos, and ballast kit
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Phase I: stabilized gimballed TV camera, sensor electronics, and

ballast kit

Phase IV: stabilized gimballed TV camera plus laser locater/

designator, sensor electronics, and ballast kit
Phase V: stabilized glmballed TV camera plus laser locater/

designator, sensor electronics, and ballast kit

These elements are described in Volume I of this report. This section de-

scribes the evolution and ground testing of the various sensor units.

3.5.1 Background

At the point of procurement initiation for the Aquila program, all of the speci-
fled sensor functions had been flight demonstrated in RPVs or aircraft. Candi-

date TV/laser sensor prototypes existed in the Praire, Poise, and Blue Spot
configurations developed by PFblco-Ford, Honeywell, and General Electric

respectively. Existing panoramic film cameras included the Actron 70-mm and

Perkin Elmer 34-mm units. What remained for the Aquila program was to

select the film camera, and to develop a family of EO sensors and designators

within a proven geometric and mechanical frame compatible with interchangeable

installation and operation within the Aquila airframe.

3.5.2 Requirements

The Aquila procurement documentaton Identified specific requirements for the
sensors and for system accuracy using the smsors. These requirements are
mumuadin Tables 8, 9, 10, 11, and 12, for the Phasel, IM, I, IV, and

V sesor operations respeotively. Other requirements Included:

* Weraeble intalaiom (phase to phase) in the PY
e Camiktftty with the RPV data ik and commad elometry
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0 Compatibility with the RPV electrical power system

o Compatibility with the RPV ground and operational environment

- Acceleration

- Vibration

- Temperature

- Pressure

These requirements were incorporated in the sensor subcontractor specifica-

tions.

3.5.3 Approach

The approach to evolution of the Aquila sensors included the following:

* Definition of sensor interfaces

" Specification of sensor requirements

" Procurement of sensors from an electro-optical and a photographic

sensor subcontractor

" Qualification testing at the subcontractor facility

" System functional verification at LMSC

" Flight validation testing

Some of the major considerations were to use currently developed and flight-

tested paylcads, compact, lightweight sensors with minimum technical risk,

the same TV and line-of-sight pointing mechanism in all phases to reduce

training, complete derotation in azimuth and elevation to reduce operator error,

modular design to permit transition between phases, and a laser range finder-

designator that is compatible with all laser guided ordinances. The initially

proposed arrangements are shown in Figure 63. Sensor testing and trouble

shooting were closely coordinated with Army technical personnel.
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3.5.4 Sensor Evolution

The Westinghouse-developed Blue Spot and the Actron KA-84 camera were used

as the payload baseline In the proposal stages. The selection process was done

with strict attention to the requirements. Performance synthesis studies were

completed as an integral part of the selection process. An existing methodology

was employed to predict the performance of the proposed electro-optical ele-

ments of the system. The study methodology included the analysis of the Army

Night Vision Laboratory RPV flight test data and psychophysical experiments

in the prediction process. Studies were done in the areas of system resolution,

field-of-view requirements, effects of linear motion, effects of RPV motion,

effects of contrast losses on system shades of gray, lens losses, and vidicon

losses. The proposed subsystem met all requirements with the exception of the

0.2-mradian laser beam divergence. The system was still able to meet the

operational requirements with the 0. 5-mradian beam divergence.

Additional technical and cost analysis was done in response to questions from

the Eustis Directorate. The questions were in the area of variable laser pulse

rates, laser beam divergence, remote focus, automatic light control, Phase I

sensor configuration, and aerial panoramic camera. As a result of this further

study the baseline for the Phase H camera was changed from a 70-mm Actron

camera to a 35-mm Perkin Elmer camera. The specifications affected were

weight reduction, Increased number of frames, lower power consumption, and

reduced cost. Another baseline change was made when a cost effective and

technical risk study was done between the Westinghouse Blue Spot and Honeywell

Poise sensors. The results of these studies were reviewed by the Army at a

meeting with LMSC and the decision to change to the Honeywell Poise sensor

was made. The relatively minor change in form factor and arrangement is re-

flected in Figure 64. Note the separate payload electronics package. Key capa-

bilities for each sensor phse Is also reflected In this figure.
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Figure 64. Aquila Payload Sensors,

Requirement Evolution. Sensor system requirements have evolved from the

Army specification set forth in the request for propos , These requirements

were analyzed using a combination of theoretical study and performance evalua-

tion. The analysis considers some of the following points.

The detection of typical tactical vehicles occurs when the minimum Image dimen-

sion subtends 1 *0.25 TV line pairs; recognition occurs when 3 +0.5 TV line

pairs are subtended for targets on road and off road. These values correspond

closely to the detection and recognition criteria for the detection and recognition

of general targets by raster-scanned imaging sensors. The overall sensor

resolution is a product of the optics modulation transfer function and that of the

camera. Using this type of analysis, resolution and field-of-view requirements

were set at 450 lines per TV picture height static and 230 lines dynamic at
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12 deg field-of-view. This resolution will allow detection of a tank at 3,000 m

on-road and 1,500 m off-road for an unstabilized system. Recognition at

1,000 m is possible. The shades of gray requirement takes Into consideration

contrast between target and background, contrast losses due to the atmospheric

path, lens system, and vidicon tube. Seven shades of gray were needed with one

additional shade for losses incurred because of vehicle dynamics, data link,

ground display, data storage, and human observer. Field-of-view specifiea-

tions evolved by the Army included a 12- to 20-deg WFOV (with 20 deg preferred)

of a target. This specification was analyzed and it was determined that a 12-deg

field-of-view would give a higher percentage of probability of detection.

Tfe Phase II aerial camera is used in conjunction with an unstabilized TV

sensor and provides photosurveillance. The primary requirements were deter-

mined to be film capacity, flexibility for selection and control of operating con-

ditions, low cost and simplicity. The 70-mm camera was initially selected for

image detail, standardization for photo processing and image interpretation.

Cost became a primary factor, and a trade-off study revealed that the lighter

weight 35-mm camera with 1.72-ft resolution satisfied the requirements.

Camera operation at low altitudes and at low or high speeds dictated the variable

frame rate capability. The ability to select a camera that was flight tested and

lightweight limited the field considerably.

Sensor suppliers were visited and data collected to make sure that the require-

ments did not exceed the state-of-the-art capabilities. An analytical model was

employed to predict detection and recognition capabilities of several different

camera tubes. Included n the analytical model are the optics, sensor, and

scene parameters. The primary reason for the better performance of silicon

is the increased target background contrast provided by the extended red spec-

tral response. Although the silicon camera tube and 8-18 vidicon show-essen-

tially the same resolution for high contrast patterns, tactical target background

spectral reflectivity when convolved with the solar spectrum favors the silicon

spectral region. The ZBS tube, which employs an 8-0 photocathode ahead of a
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silicon-intensified target, provides higher gain and hence better performance at

lower light levels. The spectral response is not quite as "red, as the silicon
vldicon, but it is better than the S-18. An intensified EBS tube has the highest
gain, and hence will provide the best low light level performance. The modula-

tion transfer function of the Intensifier and coupling is such that the high light
resolution limits its performance more than the others. Because the initial

concern is with performance during daylight, clear weather conditions, the

silicon vidicon was selected.

Static resolution requirements remained the same as for the Phase I sensor but

dynamic resolution changed to meet the added detection and recognition require-

ments. The stabilization of line-of-sight motion to 3 mradians/sec for aircraft

motion was determined to allow 300 TV]/pb. The detection requirements were

increased to 5,000 m on road at wide field of view and 2,500 m off road. The

recognition requirement is 2,200 m (with 50 percent probability). The ambient

light range of 10 to 10,000 ft L must be automatically adjusted. In the auto-

matic tracking mode, the sensor video signals are gated and processed to

derive angular error signals in azimuth and elevation. These signals drive

the gyroscope torquers to produce line-of-sight angular rates which minimize

the tracking errors. The results of analysis show that line-of-sight tracking

accuracy is mainly determined by the degree of stabilization. The contributions

of line-of-sight rate and acceleration are small compared to the air-frame

motion Induced line-of-sight motion and effects of video tracker noise. Overall

sensor stabilization was required to be 50 pradians per axis.

The Phase IV and Phase V performance requirements include the TV sensor

used in Phase M and incorporate a laser range finder/designator that is bore-

sighted with the TV sensor line of sight. The traoker is used as an integral
part In an automatic mode. The primary requirements of the laser are range

accuracy for target lecation and laser enery for laser guided ordnance. Target

location s specified to an acoracy of 100 m circular error of probability
(CEP) and 76 m (50 peroent probabil In alttde. The laser range accurmy

corresponding to this specification is 5 m out to a range of 3 km.
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To satisfy the laser designation requirements to designate a 2.3 m

by 2.3 m target with 90 percent energy at 95 percent of the time, a

radial error of 188 pradians and a beam divergence of 200 pradians is

needed. If the tracking error approaches 50 pradians then the beam divergence

may be 500 pmradians. The requirements of variable pulse rates around the

10- and 20-pulse/sec rates are governed by the requirements of the laser-gulded

ordnance that is presently available. A 75 mJ, Q switched Nd:YAG laser meets

these requirements.

Phase I/Phase I1 Unstabilized TV Sensor Evolution. Phase I and Phase II both

require a TV surveillance type sensor. The original Army requirement in the

request for proposal used the same TV sensor for both phases of the demonstra-

tion. The sensor was to be unstabilized and to have two interchangeable lenses

of 12- and 20-deg field of view. The requirements were reviewed at the Pre-

liminary Design Review. The selectable lens requirement was changed to a

6 to 1 zoom lens to be controlled by the operator. At a later date, lenses on all

phases were changed to a 10 to 1 zoom lens. This increased zoom range was

provided at the same cost by using a standard off-the-shelf zoom lens. This

allowed commonality and reduced operator training.

Honeywell subcontracted the whole of the Phase I/II TV sensor to the Systems

Research Laboratory except that they provided the gimbal housing, 10 to 1 zoom

lens, and acrylic plastic dome. The common gimbal housing provided for iden-

tical mounting requirements and would allow interchangeability of sensors in

the RPV. The dome and lens satisifted the commonality condition. The Sys-

tem Research Laboratory requested a change in the silicon vidicon size to give

the ability to meet the 450-line resolution specification. The vidicon size was

changed from 2/3-in. to 1-In. diameter. Further.design change was required

in the camera circuitry to obtain the required resolution. The magnetic deflec-

tion yoke and optical alignment mirror were changed. The resolution speoifica-

tions were also more precisely defined. Resolution was defined with a specific

degrdation for each oorner in both horizontal and vertical directions. The orig-

In pecioation required 450 TV L/pb. The specification was changed to 450

TVI/ph In the horisontal direction and 350 TV lines in the vertical direction
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with a degration to 340 TV lines horizontal and 260 TV lines vertical in three

corners and the fourth corner to be greater than 300 TV lines horizontal and

230 TV lines vertical.

During the Iitial flight tests of the Phase I sensor a dome breakage problem

was encountered. The problem was traced to the type of epoxy that was being

used to attach the acrylic plastic dome to the metal extender ring. An adequate

bond was not being maintained and the dome was slipping free and catching in

the wind, which shattered it during flight. This was corrected by selection of a

different epoxy. Weight reduction was a continual problem. Progress in this

area was usually inhibited by increased performance requirements. The sim-

plicity of the sensor configuration changed as the program developed. The

weight specifications were increased after all possible weight reductions were

accomplished.

Phase II Minipan Camera Evolution. The panoramic photo reconnaissance

camera was required to demonstrate a Phase II type mission. The baseline de-

sign was changed from a 70 mm camera to the lighter, less costly 35 mm Mini-

pan camera manufactured by Perkin Elmer. The original off-the-shelf design

was changed in three areas. The lens assembly needed to be covered by a

three-piece glass window assembly. The intervalometer was originally mounted

externally and was moved to an internal position. Along with the intervalometer

a frame rate control was added to allow frame rate selection and frame count

from ground control. All other interfaces were compatible, and the mounting was

adapted to the RPV as originally desiged.

Phase M Stabilized TV Sensor Evolution. The Honeywell-developed Phase Tfr

sensor was designed to accomplish target acquisition. The same TV camera

and lens were used on a stabilized gmbalwhich enabled better dynamic resolu-

tion. An autotracker was developed by Honeywell and underwent several design

changes. The initial tests of the video tracker were performed at Honeywell

and It was determined that the slew rate commands during autotraok were too
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high. When track lock was lost, the gimbal slewed off target to severely. The

test was a laboratory type and proved that real target tracking was required to

adequately evaluate performance. The next test was conducted from a tower at

LMSC. These tests revealed that additional reduction in the loss track time
period was required to maintain a 4-dog field-of-view shift limit. The contrast

sensitivity was also changed. The nadir area o0 -87 deg required additional

controls, since spinning would occur as the sensor line of sight (LOS) entered
this position. Autorotation of 180 deg when in autotrack in a sector of *75 deg

azimuth was added to allow tracking while flying over a target. The manual

mode did not require this provision but control was to be maintained in this area.

Also at this time the azimuth dead spot position in the azimuth encoder was

moved from 225 to 270 deg.

The development of Phases I, V, and V was undertaken in separate design
projects. The requirement of commonality dictated the combination of design

and interchangeability of common parts. The cage position of 0-deg azimuth
and -6-deg elevation required a mechanical lock for launch and retrieval. A
friction brake was used on the Phases I and It sensor but the additional weight

of the Phase HI, IV, and V sensors prohibited this method. Flight tests later
proved that the Phase I and 1t sensors also needed a physical lock position. The

mechanical cage mechanism on the Phase I, IV, and V sensors could not with-

stand the 6 g acceleration force that was applied by the launcher. Two problems

were encountered in this area. The engagement of the cage pin was not great

enough, and movement of the elevation gimbal bound the cage motor, which pre-
vented the uncaging of the sensor after launch. Another cage problem was en-

countered during launch that resulted in the azimuth encoder gears slipping out

of position. This gave a false alignment command to the gimbal drive motors
to put side loading on the cage motor and also prevented uncaging of the sensor

after launch. After redesign of the cage mechanism to allow greater cage pin

engagement, and adding extra set screws to the azimuth encoder gears the un-

caging of the sensor after launch was no longer a problem.
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During evaluation tests of the sensor, which involved the Otter manned aircraft,

a command link dropout problem was discovered. Because of wing and landing

gear interference, ground control link was lost occasionally during flight tests.

During loss link intervals the sensor would accept random commands and mal-

function. After evaluation of the data,a buffer module was designed and Inserted

in the command cable to latch the commands present at the time of link dropout.

Continued Otter flight tests proved this a successful change and allowed further

test and evaluation of the sensor before actual Aquila flights. Earlier flight

worthiness vibration tests were conducted at Honeywell. Honeywell document

APP-166-0027 (Reference 7) contains a full report of these tests and their

findings. The main areas of consideration were temperature and vibration.

Phase IV/Phase V Laser Ranger/Designator Sensor Evolution. This sensor

development was primarily laser oriented. Weight reduction continued during

this phase of the sensor program. In an attempt to meet the original weight

requirements, alternate types of material were used for gimbal fabrication.

PRD-49, a Dupont-developed Kevlar material, was used but proved to have

insufficient stiffness. Resulting deflections caused excessive boresight errors.

The Kevlar material was disqualified on this basis. Two types of magnesium

material were tried before a suitable gimbal design was established. Later tests

showed that additional ribs were needed to eliminate mechanical resonance. The

resulting sensor design exceeded the weight specification. RPV weight and balance

requirements were reevaluated to acomodate the increase of sensor weights.

The 12-In. -diameter transparent acrylic plastic dome produced additional

development efforts because of its'effect on laser boredight. The specification

of 0.25-mradian change in boresight over an azimuth change of 360 deg and an

elevation change of +10 and -30 deg demanded a more critical selection of dome

material. Optical screening was employed, which required hand testing and

careful evaluation of material before the forming process was begun. An addi-

tional electronic compensation circuit was added to eliminate the effects of the

(7) M. G. Secord and J. R. Tuominem, Report of Flight Worthiness Tests on

the YG1165A01 r". Phases I and II Avionics Division, Honeywell, Oct 1976
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small imperfections that remained after forming. Domes that did not meet the
optical specification of the laser qualified domes were used on other phase

sensors. Another dome-related problem was discovered during Aquila flight

tests and was corrected by a modification to the RPV. The problem was that a

combined movement of the air frame structure, sensor shock mounts and gim-

bal deflection allowed the dome to impact the skin line aft of the sensor opening

during launch. This required the removal of minor aircraft skin and structure

to enlarge the sensor opening in the bottom of the fuselage.

The Nd:YAG laser developed by International Laser System had some laser out-
put power problems during development. These problems were traced to the*

polarizer. A replacement for this part by one from another vendor eliminated

this characteristic. The laser tests with an integrated system revealed a re-

quirement for magnetic shielding. Mumetal was used to encase the laser compo-

nentswhich included the laser battery. The dome guard and filter wheel acted

as antennas and picked up the magnetic field of the power supply. These metal

parts were removed and replaced by nonmetallic parts. The interference was
observed in the video during laser fire. The original beam divergence was

specified as 0.5 mradlan. The laser that was developed was able to maintain

a beam divergence of less than 0. 3 mradian. An additional laser-related
problem was discovered during laser range accuracy tests. Range readings of

twice the proper value were continually observed. Analysis showed the cause
to be a shift enable pulse that was being applied one-half count early. The

shifted data then carried an extra count in the most significant bit position.

The integration and system tests of all phases of sensors were oonducted at

Fort Huachuoa, Arizona, with a filly operating Aquila system. These tests
are descre in Section IV of Volume m of this report.
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Section IV
DATA-LINK SYSTEM EVOLUTION

The Aquila data-link system consists principally of the following:

" Ground-Based Equipment

- Ground command transmitter

- Ground telemetry receiver

- Ground encoder/decoder

- Tracking antema system

" Airborne Equipment

- Command antenna

- Command receiver

- Encoder/decoder

- Video-telemetry transmitter

- Telemetry antenna

The final system is described in Volume I of this report. This section de-

scribes the evolution of the data-link system.

4.1 BACKGROUND

As RPV hardware has grown in complexity, data-link requirements have be-

come more comprehensdve. The selection and adaptation of existing light-
weight satellite, missile, and airoraft data-link hardware has been the primary

approach to the acquisition RPV data-link elements. This approach was em-
played successfully on the Tuboomer, Aequare, and other RPV programs.

Consequently, the Aqulla data link was generated in the same manner.

I
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4.2 REQUIREMENTS

A summary of the requirements recognized for the data link at the onset of

the Aquila program Included the following:

9 Data Link

- Range: 20km

- Altitude: 2,000 ft AGL and above

* Command-Control (including telemetry)

- Range: 20km

- Altitude: 1,000 ft AGL and above
e Fail-safe response to link loss

* Telemetry of RPV status data
9 RF compatibility with test range

* Protection against inadvertent RF Interference

4.3 DATA-LINK SYSTEM APPROACH

The evolution approach for the Aquila data link included the following:

" Analyze the link requirements and specify components.

" Procure and/or adapt existing proven hardware.

" Acceptance test the system elements at the vendor facilities.

" Integrate the data-link system elements Into the GCS and RPV

systems.
" Validate system operation in anechoic chamber, range, ground,

and flight tests.

4.4 DATA-LINK SYSTEM REQUIREMENTS EVOLUTION

Evolution of the data-link system was based on meeting the primary require-

meat of providing a reliable link over the RPV operating envelope of 20 km and
10 Idt AGL. Another requirement was to provide precision real-time RPV

location data for navigation and payload target locating.
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It was also desirable to minimize development risk. This was accomplished

through mechanizing the data-link system with vendor off-the-shelf hardware.

Quality and performance tests were performed at the subcontractors on a

package level with LMSC witnessing such tests. The system test was per-

formed at LMSC to verify conformance with the data-link requirements.

The data-link system requirement did not change from the start of the pro-

gram to its completion. However, the data-link configuration went through

two cycles of design changes to arrive at the present configuration. The first

major design changes were the "A" changes resulting from the Aquila Phase I

testing at Crows Landing. The "A" changes involved data-link system

compatibility-type changes and identification of critical Interface specifica-

tions for each data-link element. These specifications resulted in extensive

testing of each data-link component and an analysis of system requirements.

The next set of changes resulted from the Aquila Phase TT testing at Fort

Huachuca, resulting in the "BF' changes. These "B" changes were based on a

desire to Increase the link margin of the data-link system.

Summaries of the data-link margins for each of the three data-link configurs-

tions are given in Tables 13, 14, and 15. As Indicated by the tables, the

changes resulted in significant mprovements. The link closure range was

increased by a factor of 150 for the command link, a factor of 45 for the telem-

etry link, and a factor of 5 for the video link.

Frequency selection was based on hardware availability, required bandwidth,

range and pointing accuracy, physical constraints (size and weight), and fre-

quenoy alocation availability lWesing). Production flfgi and ground hard-

ware nthe D (I to 2 Hz), Z ( to 3 011), adG (4to 6 Ofz) bonds to avail-

able. Of the tare, 0--band was the most attractive for the following reasons:

(1) high-Sin capabity f(aking accuracy) of the gr6und antma, (2) p ysical

constraits iontable) on fth pound ate=n, And (8) frequency ailooation
avaiability. ?ruhrd ire, a p1o'm of G-bnd (4.4 to 5 OHz) his been
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TABLE 13. LINK ANALYSIS -ORIGINAL DATA LINK

Command Transmitter Power (10 W) +40 d~m,
Transmit Antenna Gain +12 d~i
Space Loss (20 kin) -133 dB
Polarization Longo -3 dB,
Airborne Receive Ante=n Gain -10 d~l
Receiver Sensitivity -(-765) d~m.

Fade Margin: -29 dB

Downlink TM Video
Video Transmitter Power (10 W) +40 d~in +40 d~in
Transmit Antenna Gain -15 dBl -15 dm
Space Loss (20 lan) -133 dB; -133 dB
Polarization Loss -3 dB -3 dE
Grond Receive Antenna. Gain +24 d~i +24 dBi
Receiver Sensitivity -(-76) d~m. -(-82) dBm

Fade Margin: -11 dB-5d

TABLE 14. W(IC ANALYSIS - "A" CHANGE

Unl~nk
Command Transmitter Power (10 W) 440 d~m.
Transmit Antena Gain +12 d~i
Space Lows (20 kin) -133 dB,
Polarization Lowe -3 dB
Airborne Racal"e Antainna Gain -7 dBl
Receiver sensitivity -f44) d~a

Fae margin:48d

Dowlin TM d0

Video Transmitter Power (10 W) 440 d~m. +40 d~m,
Trasmt ntene Gin-7 dm -7 012

Space Loss (20 kin) -133 dD -133 dDIbaidnLosOBOB
Receiver Sensitivity -- 5 -m--2 ~

Fade Margin:



TABLE 15. LINK ANALYSIS - "B" CHANGE, FINAL CONFIGURATION

Command Transmitter Power (10 W) +40 dBm
Transmit Antenna Gain +24 dBi
Space Loss (20 km.) -133 dB
Polarization Loss 0 dB
Airborne Receive Antema Gain -10 dBi
Receiver Sensitivity -(-94) dBm

Fade Margin: +15 dB

Downlink TM Video
Video Transmitter Power (10 W) +40 dBm +40 dBm
Transmit Antenna Gain -7 dBi -7 dBi
Space Loss (20 an) -133 dB -133 dB
Polarization Loss 0 dB 0 dB
Ground Receive Antenna Gain +24 dBi +24 dBi
Receiver Sensitivity -(-88) dBm -(-85) dBm

Fade Margin: +12 dB +9 dB

designated by the military services for drone and RPV use. Finally, experience
has shown that obtaining allocations in the D- and E-bands is a long and difficult

process because of already overcrowded conditions. Preliminary study indicated

G-band availability at all Army test sites envisioned for the demonstration program.

Frequency allocation requests for the primary frequencies of 4.530 GHz (video/
TM link) and 4.861 GHz (command link) were approved for use at &mnyval.,

Bicycle Lake, Fort Huachuca, and Fort Sill. Sets of alternate frequencies of
4851/4520 and 4841/4510 GOm were approved for backup (command/video).

4.5 AIRBORNE DATA-LINK COMPONENT EVOLUTION

4.5.1 Antenns

The initial RPV anna developm4f involved selection of antenna location to
provide the best radiation coverap ovor the RPV operation envelope. Sfnoe
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the development of the vehicle occurred In parallel with antenna development,

testing was Initially performed with the half-scale model. A number of loca-

tions compatible with the aerodynamic and structural requirements were inves-

tigated (Reference 8). The locations and patterns were traded off against gain

coverage, hardware complexity, and operational reliability. After the analysis,

the forward nose and aft shroud locations were selected as optimum. These

locations are depicted in Figure 65.

Another consideration was use of a common antenna for both uplink and down-

link. This would involve the addition of a diplexer. A tradeoff on the size,

cost, and weight penalty of one antenna and a diplexer versus two antennas re-
vealed a significant advantage with two antennas.

The original antenna selection was a biconvex blade antenna manufactured by

Tecom. However, radiation patterns of this antenna revealed that a deep null

existed in the azimuth plane, which should have approached omnidirectional

characteristics. A substitute antenna was designed by LMSC to provide an
omni-coverage Independent of ground planes. This antenna was a sleeve dipole

configuration that was subcontracted to Tecom for fabrication.

During the Phase I Aquila testing, a full-scale Aquila RPV was available for

verifying antenna patterns. These patterns revealed two large -15 dB null

areas on the bottom-mounted antenna. This discrepancy was caused by an

added hook assembly that was to be used for recovery of the RPV, which was

not fully defined at the time of half-scale model tests. Therefore, for the "A"

change, another location was selected after a series of measurements was per-

formed on several alternate locations. The selected location was a top, for-

ward area with the anten= mounted on a 12-n, mast. This location In shown

in Figure 66.

(8) Lockheed Missiles & Space Company, Inc., Auila RPV &stem Test R rt.
CDSL AOOD. RPV Antenna Patterns, LMSC-LO28081. Part 5, Sunnvale
cali., 81 May 1977
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IMF
During the Phase II Aquila testing, It was determined that the mast-mounted
antenna was vulnerable to physical damage during RPV recovery operations.
At the same time the recovery method was changed to a net recovery, elimi-

nating the requirement for the hook assembly. Therefore, on the "B" change,

the command antema was moved back to the aft shroud location.

4.5.2 Command Receiver

The command receiver was a standard off-the-shelf airborne receiver that was

used at various frequency bands; it was developed and manufactured by
AACOM. The design was modified to operate at the command link frequency

of 4. 861 GHz. During Aquila Phase I testing, extensive problems were en-
countered in closing the command link even at relatively short ranges. After
link loss in the first Crows Landing flight, laboratory tests revealed that the

receiver was very susceptible to interference, particularly on the downlink
frequency. This interference was entering the receiver through the antenna

port and also through the wiring harness.

During the "A" change, the receiver was modified in three areas: (1) the local
oscillator frequency was changed, (2) hIG filtering was increased within the

receiver, and (3) additional acceptance testing procedures were incorporated.
The receiver local oscillator frequeny was changed from 4.691 to 5.031 GHz

such that the local oscillator Is operating above the command frequency. In
the orion condition tIh receiver was especially susceptible to video trans-
mier interference since the Image frequency of the receiver was 4. 511 GHz,
which was only 19 Ma off the video transmitter frequency of 4.530 0Hz. The

added =a M~sftg @lftated the possMiy of intrftrence leaking into the
receiver, bypasing the preselector.

The aed sespes teem leloded a recier senstivity test tied In with So
bit -y-chiamler to verty* a lo*kaomditim. Also, an M test was perforned
to -Iab tnUMty of eoz reever Sfto th tranitler sNOWl.



These added tests ensured the proper performance of the command receiver

when operating in the RPV environment.

During Phase HI testing, several command link problems occurred and no data

were available other than theoretical calculation of the margin actually avail-

able for the command link. Therefore, on the "B"I change, all the command

receivers were retrofitted with a received signal strength output to the telem-

etry status. This signal was then available to aid in the evaluation of the com-

mand link. All analysis indicated that the theoretical analysis agreed with the

TM data.

4.5.3 Video Transmitter

The transmitter is a modification of an existing G-band transmitter design

developed by AACOM. The modification involved increasing the power output

from 5 to 10 W. The transmitter is a solid-state design utilizing power ampli-

fication at one-third the output frequency and then is used to drive a power

Varactor tripler to obtain the required 10 W at 4.530 GHz.

In the Mod "A" change, the suboarrier level was increased from -28 to -20 dB

below the video power output. This provided an 8-dB Improvement in tie

telemetry status link with negligible change in the video link.

4.5.4 Zooder/Doeoder

The enoder/decoder dod is essentially a standard AACOM init that has

been used on other RPV program. The nit is repackaged onto three printed-

circuit cards for integration into the Aquila FCEP.

During Phase 1, testing problem were ncountered ca deooding the commaind
signals out of the receiver. The decoder had problems looking am the oom-
mand signal Initay, ad rsaeWqft look after link law. This was trmed to
a problem in the bit synohroniser phase-look circuitry. The bit synchronizer

was looking up on noise, and when a command was received the phase-lock
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loop would not break out of the look with the noise. A problem was also en-

countered in the phase-look loop locking on quadrature phase which injects a

step error of approximately 640 m or multiples thereof into the ranging of the

RPV. Two modifications were made In the decoder bit synchronizer to rem-

edy these problems: (1) the phase-lock loop was inhibited when the signal-to-

noise ratio of the Input signal from the command receiver was less than unity,

and (2) the phase-lock loop was changsd to prevent the loop from locking on

the quadrature component of the Input signal.

4.6 GCS DATA LINK ELEMENTS EVOLUTION

4.6.1 Tracking Antenna

The tracking antema system (Reference 9), consisting of the radome, antenna

pedestal, antenna dish, feed network, and antenna control unit, is a version of

the tracking antenna system initially developed for the Patuxent River Naval Air

Test Facility by EMP, Inc., Chatsworth, California.

On the initial interfacing of the tracking antenna to the GCS it was discovered

that inadequate isolation existed between the transmit and receive antenna sys-

tem. This caused saturatlon of the preamplifler, degrading the receiver sys-

tem. This was remedied by the addition of a bundpass filter in front of the

preamplifler.

After the Phase I testing, comprehensive tests of the tracking antenna system

were performed. These tests revealed the following deflciencles in the antenna

system: (1) excessive boresight shifts were measured as a function of trans-
mitter antenna polarization and (2) there was inadequate antema beam coverage

in the elevation plans, leaving large areas in the RPV operation envelope where
tom vido/YM lbk would not close.

(0) Lockheed MisUs & oe Compaq, be., .MtlA RlW ft" Test Rot
C DOAtonDv MC 2081, Part 9

ftmyaloCali., W197



The "A" changes involved ohaning the feed on the parabolic dish from a pair

of crossed dipoles to a pair of vertical dipoles. This change reduced the bore-

sight shift versus polarization from *1. 2 to &0. 5 deg and versus elevation

angle from* 0.3 to 0.05 dog. A low-gaIn antenna system was added to pro-

vide coverage in the elevation plane. The low-gain antenna system consisted

of a pair of helical antennas mounted in front of the dipole feeds. 7be high-

gain and low-gin antenna system selection was controlled by the GC5 com-

puter via a set of coaxial switches. In addition to these changes, a prelaunch

data-link confidence test was incorporated by adding a calibration network on

the antenna pedestal. The network consisted of 50-dB attenuators that are

switched Into the uplink and downlink signal paths.

For the "B" change, it was desired to increase the margins for both uplinks and

downlinks. This was accomplished by changin the low-gain antenna system

from a two-element to a four-element array. The receiver feed network was

reconfigured to reduce losses and Improve the receiver noise figure. To In-

crease the uplink margin, the command transmitter output was diplexed into

the receiver antenna system, thereby increasing the effective radiated power

by 12 dB. A summary of antenna changes is shown In Figure 67.

During the "B' changes the tracking servo loop on the antema system was

tested and analyzed. As a result of this study, the following modications

were Incorporated into the antenna control unit: (1) stabilization of the bias

circuit in the servo loop, (2) balancing the demodulator circuit, (3) addition of

a null gate operated by the received rf level, and (4) Increasing the servo gain

for the low-pin antemma.

4.6.2 Command Transmitter

The command transmitter is a crystal-controlled, solid-state transmitter that

is adapted from a standard model developed and mamufaotured by AACOM. The

trnsmitter meets all advertsed, speoifications and was compatible with all

oder deI-* imt . so ohas W= Wted oiung the preora.
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4.6.3 Video-TM Receiver

The video-TM receiver is a standard, fixed-frequency, ground-based re-

ceiver developed and manufactured by AACOM, Inc. The receiver performed

per vendor specifications and no modifications were made during the program.

4.6.4 Encoder/Decoder

The encoder/decoder design was adapted from previously developed AACOM

PCM encoder/decoder units. The encoder/decoder was repackaged into the

9- by 7-in. printed circuit card for installation into the EIU package. The

encoder/decorder performed per vendor specification and no changes were

made during the program.

4.7 SYSTEM EVOLUTION

Since the data link wvq envisioned to be minor modifications of off-the-shelf

operating data-link hardware, the data-link development was assigned to

data-link subcontractors: (1) AACOM for the transmitters, receivers, and

encoder/decoder; (2) EMP for the GCS tracking antenna; and (3) Tecom for

the airborne antennas. The subcontractor's advertised component perform-

ance parameters were used in determining the ability of the data link to meet

Aquila data-link requirements. Becswe of the tight development schedule,

minimal system tests were performed prior to Phase A testing; however, dur-

ig Phase A Aquila testing, it was evident that the data link was not meeting

the requirements. Engineering actions were initiated to isolate the deficiencies

and recommend solutions.

A comprehensive test program was conducted on each data-link component.

The outcome of these test programs was an expanded set of performance

speifieations for each component to ensure compatibility among the parts of
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the RPV data-link system. Deficient areas were negotiated with the subcon-

tractors to obtain a tradeoff for the optimum point of partitioning the

specifications.

Extensive antenna measurements were performed on the tracking antenna

revealing the major changes required A tradeoff was made as to whether

these changes should be contracted to EMP (the vendor for the tracking an-

tenna) or whether LMSC should institute the changes. Several factors were

considered in reaching this decision. The major factor was scheduling.

These changes were to be made between Phase A and Phase B testing. Also,

the changes to all the data-link components were to be performed simultane-

ously. Therefore, various performance parameters were likely to change

depending on whether the other components were successful in meeting their

new specifications. Finally, the test data measured on EMP's antenna test

range did not agree with LMSC's measured data. Since all data and specifica-

tions were based on LMSC measurements, it was imperative that a uniform

set of performance data be available for analysis.

In view of the schedule and interface definition problems, it was decided that

LMSC should make the changes on the tracking antenna system. This provided

the flexibility of delaying the freeze on the antenna performance requirements

until after the negotiated changes with the other data-link contractors had

been verified.

After the completion of the "A" change, each component was again evaluated

and the total link measured. Analyses were performed on the initial Phase B

flights to verify the beach measurements and theoretical link calculations.

Analysis of the Phase B flight data indicated that two areas of data-link im-

provement were needed: (1) more link margin was desirable and (2) the low-

gain antenna tracking loop gain was low, providing poor tracking performance.
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Tradeoff studies were made in areas of the data link where improvement could

be made without impacting the schedule or the configuration of the RPV, which

would negate the Phase B testing. A study and measurement program was

also Initiated to determine whether a single antenna could provide adequate

elevation coverage on the GCS. This would solve the poor low-gain tracldng

problem and eliminate the complexity of a dual antenna system. This study

yielded an unacceptable compromise of marginally providing elevation cover-

age at the expense of degrading the "A" configuration high-gain antenna per-

formance. Therefore, the "B" changes were instituted to provide the required

improvement with minimal risk to schedule and to achieve desired performance.
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Section V

GROUND SUPPORT SYSTEM

The Aquila Ground Support System (GSS) consists of:

" Ground Control Station

" Launcher

" Retrieval System
" Electrical Generators

" Ground Support, Test, and Checkout Equipment

These elements are arranged within specified guidelines to ensure harmonious

and rebable operation. The GSS and its elements, as delivered to the Army,

are described in Volume I of this report. This section describes the signifi-

cant analyses, design, development, and testing involved in the evolution of the

Ground Support System and its elements.

5.1 GSS EVOLUTION

The integrated ground support system evolved through operational require-

ments and considerations, and changes necessitated by desip changes In the

various system elements. The evolution is characterized by an increase In

mobility through truck and trailer mountlng of components, and variations In

arrangement to improve operatial reliability. The evolution of the 0S8 is

described in the following paragraphs.

5.1.1 Bacground-tamtion

In previous mlni-RPV programs, much e.A Preire and RPAODS, the ground sup-

port systw . were lmrovied wth eiitg ovpmwnt with little or n conid-
oration for mobility, operxanal reliability, or Army~ lans-on operaton.



The short life and scope of these programs did not warrant such considera-

tions. Army experience with mobile systems such as the Hawk Missile System

provided a basis for establishing the mobility requirements for an Army Mini-

RPV system. However, the scope of the Aquila system technology demon-

strator program required some cost and schedule compromise from the effort

required to provide full mobility. Consequently, the initial approach was

selected to provide truck transportable, ground-based system elements. This

approach was to be modified considerably as operational considerations event-

ually led to Increased truck and trailer mounting of the primary system

elements.

Ground layout of the system elements was determined primarily with consider-

ations for clear launch and recovery flight paths and logical arrangement for

system operation. Because of the unique nature of the Aquila system, no other

precedents were available. The criteria for GS8 layout and operation were ini-

tially derived from the Army procurement documentation. Refinements were

derived from actual field operations. The initial requirements for the GSS are

described in the following paragraph.

5.1.2 GSS Requirements

A summary of the Initiating contract requirements for the ground support

system follows:

0 Commonality with all five sensor/mission phases

* Up to four sorties per day- 4 days per week, 1 hour per flight

* Launoh and recovery In unprepared arms
F* Minimum crew for total system operation

e Minimum time sad skill required for assembly and disassembly for
lunh and rsovory operations

* Minimal detetality by emmy of launch md recovery operations

9 Ground tranporxtabiliy requiremmts ompatible wit edstng con-
vaenonl Army p'oimd vehicles
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" Maximum compatibility with and utilization of current and near future

standard military equipment
" Navigation and control systems suitable to program objectives

" Ground control elements contained in a suitable air-conditioned/

heated mobile shelter, including:

- Navigation system

- Control console

- Displays

- Recorders (video)

- Ground data link

- Computer

i Minimum length launch and retrieval systems, fully portable, and

transportable on standard Army ground vehicle; minimum observ-

ables; no more than two people required to set up, tear down, and

operate to launch or recover one aircraft; minimum time/skill to

operate

" Insofar as possible, standard ground support equipment available

through SB 700-20, "Army adopted and other items of material

selected for authorization"

* Systematic checkout prelaunch procedure, adequate to ascertain

adequate subsystems performance prior to launch; all necessary

checkout of equipment transportable and compatible with the GC
and launch and retrieval systems; minimum time and skill for

checkout

5. 1. 3 GS Evolution Approach

The approaoh to meeting the Army requirements Included the following:

* Commonality. The Ground Control Station console was designed to be

compatible with any RPV-payload-misslon options by proper switch

positioning on the oontrol panels.
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" Operational rate. Checkout procedures and equipment were gene-

rated to support the specified mission rates, subject to logistic sup-

port and crew rotation.

* Operation In umprepared areas. Truck access, clear launch-

recovery paths, clear rf paths, and reasonable cable paths between

system elements were the only constraints to be observed.

* Minimum crew/time/skill for total system operation. Emphasis on

automated computer operations and simple mechanical systems and

Interfaces minimized personnel requirements.

" Minimal detectability. Use of standard Army elements (where pos-

sible - trucks, shelters, trailers) subject to camouflage techniques,

and use of minimum size elements such as launcher and retrieval

systems - compromised only for reliability - were employed to

minimize detectability. No smoke-generating elements (such as
launch rockets or starting cartridges) or high-level noise generators

were selected.

" Transportability-compatibility. No special vehicles were required,

and no major modifications of edsting vehicles were allowed. Only

conventional Army equipment was required as GFE.
" Navigation-control. 7he computer in conjunction with the ground

data-link elements was used extensively to ensure the required navi-

gational and control accuracies.

* Ground control elements. A soft mookup was used to establish proper

man-machine interfaces and Input-output displays, equipment, and

techniques. Digital and analog simulations were used to update and
refine the design.

" Minimum leongh launch-retrieval.7 hese were established primarily

by the RPV load capability -6 g fore, aft, and vertical. Recovery *

length was left flexible to establish requirements for reliable clear-

sno of frame elements by the RPV during field tests.
* Systematic checkout. The RPV suitcase tester and GC computer

were employed in step-by-step prooedures to ensure reliable
checkout.
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5.1.4 (88 Evolution

The details of the GS evolution to meet system requirements are contained

prinmrly In the discussions of the GUS elements that follow this section.

However, it is appropriate to discuss the evolution of the GS site layout at

this point, to "frame" the overall evolution of the G88.

Figure 68 shows the initial site layout concept. Initially it was anticipated

that two shelters would be required to house the required ground control ele-

ments. All elements, including the shelters, launcher, and retrieval system

were truck transportable and ground-based during operation. A truck-mounted

crane was required for loading and placement of system elements. A suitable

distance was provided between the launcher and retrieval systems and the

tracking antenna to ensure that the RPV speed did not tax the antenna slew
rate. Launch and recovery corridors were parallel insofar as practical with

a swivel and switchable capability for the launcher and switchable capability

for the retrieval system to accommodate wind direction for launch and re-

covery operations. Launch and recovery paths were kept clear of other sys-

tem elements. An RPV assembly area (ent) was located close to the launcher.

Other elements were located to be compatible with reliable safe operation.

Figure 69 reflects the site arrangement envisioned at the preliminary design

review. All elements remained ground based for operation, but truck trans-
portable. Through careful design and interface review, the need for the see-

oad shelter was eliminated. The assembly area was repositioned to minimise

the possibility of truck traffic over the Interconnecting cables. During the pre-
Iminary design review, site set-upand tear-downtime appeared tobe excessive
because of Insufflcient mobility of the major system elements. Consequently,
the decision was made to operate the OCS and launcher from truok-mounted

positions and to trailer mount the generators to enhance mobility and fledbility

and to eliminate the need for a crane. The resulting GOO arrangement is shown

in Figure 70. This site oonopt was slocted for field testing. During field
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testing, the arrangement was refined to eliminate multipath problems under
certain circumstances and to improve operational reliability and efficiency.

The procedural refinements are reflected in Reference 10. hi addition to the

procedural evolution, adaptation of the vertical barrier recovery system
(trailer mounted) completed G88 evolution. Figure 71 shows the final site

concept, which is described in Volume I of this report.

5.2 GROUND CONTROL STATION (GCS) EVOLUTION

The Aquila Ground Control Station evolved from an S-280 standard Army shel-

ter. The shelter is fitted with a heater/air-conditioner for personnel comfort
and equipment air conditioning. The station contains all system controls
(except launcher control box and electrical generator controls), displays, and

recorders, including:

e Ground Control Console:
- RPV controls-displays

- Sensor controls-displays

- Tracking antenna controls-displays
- Plotting boards

- Weather data display

- Intercommunication controls
- Electronic interface unit

- Computer processing unit

- Groumd data link
* Teletype

* Digital Tape Recorder

* Auxiliary Electronics Cabinet
* Video Recorders

* PAper Tape brA unit
e Air-Coadicinmr Controls

(10) Lockheed Missiles. 6 Space Comping, too., Teqimioal Manual for Aquila

tun Tooblmo Demnstr r stem Descri pm, LMSC-D066906,
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This section describes the evolution of the GCS; the final system is described

in Volume I of this report.

5.2.1 Background

In prior Mini-RPV programs - i. e., Aequare, Praeire, and RPAODS - no

integrated ground control station that controls all system operations and is

suitable for Army hands-on operation had been developed. However, experi-

ence with these programs provided insight to the Army as to the desired

characteristics for a technology demonstration system. As a result of this

experience and experience with such field systems as the Hawk missile sys-

tem, the Army formulated requirements for a system that would provide Army

hands-on experience with an RPV control station with capabilities representa-

tive of those envisioned for tactical RPV systems.

5.2.2 Approach

The approach to ground control station evolution was driven primarily
by Army requirements. These Included the use of a standard Army shelter

and Inclusion of specified displays, controls, and recording capabilities.

Component selection was directed primarily at low-cost components with ade-

quate performance to represent the performance capabilities of a tactical sys-

tem, while lacking its ruggedness and (to a lesser extent) its reliability (and

at a small fraction of its cost).

Insofar as practical, within the scope of the program, routine tasks and deci-

sons were programmed for performance by the computer processor unit.

A soft mockup was used to evaluate the display-controls arrangement through

the performance of mook missions.
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5.2.3 Requirements

The requirements for the Ground Control Station are essentially described in

the GSS requirements list, subsection 5.1.2.

5.2.4 Ground Control Station (OCS) Evolution

As originally proposed, the Ground Control Station was to consist of two

S-280 shelters: one containing mission control electronics and operator's

positions and the other containing support and test equipment, noncritical

mission hardware, and a maintenance area. This configuration is shown in

Figure 72.

Cost and schedule constraints led to the final, single-shelter arrangement.

The mission hardware from the second shelter was accommodated in the

single shelter through addition of another equipment rack to the left of the

RPV operator position and some wall-mounted bracketry to the right of the

sensor operator. The additional, or auxiliary, equipment rack came as top

and bottom halves, with the bottom containing electronics and the top used

initially for misllaneous storage. The location Initially chosen for the digi-

tal tape recorder proved undesirable because of that unit's tendency to pull

dirt from the floor into its vacuum tape positioning chambers. This led to its

being relocated in the top half of the auxiliary rack. The final OCS component

arrangement is shown in Figure 73.

The Figure 72 Shelter Number 1 consol, location proved undesirable with the

addition of the audliary console. The control console was moved to a long

wall, the wall to the left as the door is entered. The air conditioner and Its

input and output ducts were relocated on the wall opposPA the door.

Console installation was a problem with the alstg shelter entry dimensions,

so a large panel was cut Into the wall bhind the control console. This panel
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is large enough to enable installation of the console in one piece. Being that

large, it contributes a significant part of the shelter's structural strength and

must be installed during movement of the shelter. The panel is secured by

a number of screws around its periphery.

Additionally, a hole was cut for the antenna assembly in the shelter ceiling

above and within the outline of the right console section. This was framed for

strength and ducted to provide cooling air to the transmitter, and a molding

was added to attach the radome. Three leveling screws and two bubble levels

were Installed for leveling the antenna during site setup.

Two holes and an external support framework were required to mount the air-

conditioning unit on the outside of the shelter. The thermostat control was

installed to the right of the door, inside the shelter.

Further shelter modifications included adding interior lighting, an AC power

distribution panel, two cable entry panels, an external weather station on an

extendable mast, lightning arresting gear, an external public address speaker,

two warning sirens, and a beacon.

In normal operation the shelter is strapped onto the bed of an M-36 truck. To

lift the shelter, a strongback (single point) lifting structure capable of an

8, 000-lb working load was fabricated.

5.2.4.1 Console Structure. The initial console concept Is shown in Figure 74.

Much rearrangement and refinement of components occurred before the final

item, but the basic two-man control concept remained relatively umohated.
Figure 75 shows the design mockup that was used in human factors evaluation

studies to determine panel location in the console and switch-function location

on the panels. Figure 75 illustrates an interim configuration during evaluation

of the use of two X-Y plotters for navigation display of RPV position.
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Figue 75. Ground Control Console Soft igoolcup
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Contract obligation was to provide a real-time navigation display compatible

with 1:50,000 and 1:100,000 tactical maps covering an area of 25 by 25 km.

A single 11- by 17-in. plotting surface was originally proposed as a cost-

effective solution by using a switching technique to allow use of both scale

maps during a mission. However, the Army preferred a system in which no

switching would be required. A plotting table with a 25- by 25-in. usable sur-

face was investigated but rejected because of high initial cost (approximately

15 times that of the single, smaller, plotter). In addition, that unit would

have required customizing the console - I.e., not using standard 19-in. -wide

modules. The final solution was to use two 11- by 17-in. plotters and to con-

figure the system such that any scale map could be used on either plotter.

Figure 76 illustrates the final console configuration. Notice the use of two

sections of sloped panels - a result of the previously mentioned human factors

evaluations. Also, note that the computer keyboard and printer has been re-

moved from the center desk area Ot Is now a free-standing teletype unit lo-

cated to the Immediate left of the console) and that the desk area in general

has been cleared.

5.2.4.2 Provisions for Console Emuipmpmt Cooling. In mid 1975 during field-

test operations at Fort Huachuca, various console components and subassem-

blies were monitored for excessive temperature rife under various ambient

conditions. These tests uncovered some local hot spots within the console.

As a result, the following critical area cooling modificatios were added to the

console: (1) another blower wxs added above the power supply to draw air
through that mit and aroand th computr; (2) the existing lower center console
blower was redacted to direht air throug the Zleotronic Interface Unit (RIU)

in the area of the range counter module, the telemetry encoder, and the bit-

synchronizer board; and (8) the oonsole was bette sealed to maintain a pre-
dictable cooling air flow. After these modlfloations, the console eleotronlos

was operated suoessfully without air oonditioning for 45 min. The shelter

ambient temperature increased from 900 to 105" F during this test.
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5.2.4.3 Console Control Panels. The panels visible in Figure 74 are the

result of a first-cut design based on previous experience with other RPV sys-

tems. As the overall console layout evolved so did the groupings of controls

that eventually became individual control panels. The goal was to group simi-

lar functions on a panel and locate panels by mission function. Thus, all

sensor-oriented controls and displays moved to the right, pilot controls to the

left, and common functions to the center.

Sensor Control Panel. The Initial panel concept is shown in Figure 77; it

hardly resembles the final one. Sensor attitude and target location displays

were moved to the video monitor to ease the operator's task. Also, all the

function switches associated with the stabilized platform and auto tracking

system have been added. In response to range-safety requirements, a safety

switch was added in series with the laser arm panel switch. This safety

assembly connects to the rear chassis of this panel and extends, by retract-

able cable, to the front of the console.

Data-Link Status Panel This panel, indicated in Figure 76, was included

with the thought that it would be very useful during system development test-

ing and continue to be useful during the remainder of the program. This has

proven true even though some of the data are now also displayed on the in-

flight diagnostic panel.

When the switchabie attenuators were installed in the antenna assembly to

check data-link health before lamich, the switch that controls the switching

relays was installed on this data-link status panel.

Sensor Hand Control Panel. This has ben the most extensively modified

panel in the 0CS. This was the esult d various Itersaios one t uh in

finally selecting a Joystick. Tlh panel rets in a outout in the dosk arm in

front of the sensor operator, and t first joystick used was a pistol-..ip

device that was pivoted below the panel sufaos, sprbg loaded to return to
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center, and acting on potentiometers in its base. The top of the stick con-

tained three switches used for payload autotrack and slew rate control; the

front trigger was the laser fire command.

Problems immediately apparent with this unit were its size and sluggish

response (due mainly to it being a wrist-driven mechanism). Operator fatigue

was a problem because of the elevated hand position and inadequate provisions

for the operator to rest his elbow.

During field testing this Joystick proved adequate in controlling payload line of

sight, but the response seemed unsuitable for control of the RPV during re-

covery. Recovery simulations were performed, the spring loading for the

two axes was verified, and a decision was made to evaluate some different

control units.

From the standpoint of minimizing hardware changes it was desirable to keep

the same Joystick outline, so trials were made with a fixed pistol-grip assem-

bly with a thumb-controlled strain-gap-typo control at the top of the stick.

This was better from a response viewpoint but was still an operator fatigue

problem. Since one of the more critical operations - recovery - must be

performed at the end of a mission, fatigue is a significant problem.

TM final solution was to use the strain gage control but eliminate the pistol

gp emirely and mount the control with a short handle protruding above the

panel surface. This memt that the previously stick-mounted controls had to

be mdved onto tM control panel. So the panel was redesigned and at the same

time trimming potentiometers for the two-axis outputs were added. The poten-

tiometers in the first Joystick had a center deadhmd; the strain gags did not,

and drifts tended to develop.

During the time the RPV was being flown with a hook recovery system aboard,

the wltcb that mmoally deployed the hook was located on this panel. When
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the hook was removed, that switch evolved into one that manually releases the

payload shield.

Flight tests with the stabilized payload led to making the command that turns on

the payload gyro a computer-generated command based on RPV roll angle. Its

source initially was a switch on this panel - now an unlabeled switch.

jn-Flgh Diagnostic Panel. This hardware was a relatively late development

coming in response to a noted need for a "quick-look" source of RPV flight

control data. A panel was first built as a piece of test equipment and installed

above the console in GCS 2. After several months of field usage the present
panel was designed with the added capabilities of displaying pertinent data

from the new subcommutated telemetry channels and also displaying the com-

manded antenna gain.

Commnimcation Control Panel. The search for a quick-delivery field-usable

intercom system led to one normally used in sound-stage work. Modificatins

of the off-the-shelf model were necessary to add another headset Jack plus

switches to control the external beacon, siren, and public address system.

Inadequacies were noticed in the audio drive level to the video recorders and

the public address system; in mid-1976 a modification was made which added

an extra 20 dB of gain to those outputs.

Manual Flitht Control Panel. This panel was designed to contain most of the

aircraft-related fmctions that would be of use to the RPV pilot. It was to be

* the pilot's primary source of flight data, with the video monitor usable as a
secondar7 aid during mamal antopflot operations. When the RPV was modified

* to carry a parachute, this panel was modified to add the manual parachute deploy

command switch when the parachute was installed. With deletion of the para-
chute from the system, that switch was disabled.
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Waypoint Guidance Panel. This panel is the primary means of entering and

monitoring mission waypoint Information. It is hardwired to a circuitboard

In the computer. During the earlier field testing operations, this subsys-

tem was plagued with intermittent noise problems (which would ocoasionally

clear data or enter erroneous data). The problem was associated with cable

harness routing, and each ground station exhibited its own variety of the prob-

lem. Several Iterations of installing different filters to solve one fault and

uncover the next were required to clean up the electronics.

At one time the data entry pushbuttons on the panel extended above the panel

surface. This allowed clipboards, notebooks, elbows, etc., to perform

unauthored waypoint modifications. As a solution, a plastic guard was de-

vised to surround and protect critical switches.

5.2.4.4 Console Computer. The central processor (CPU) is an off-the-shelf

Data General Nova. The CPU has capacity for ten 15-in.-square circuitboards;

the data processing system uses seven such boards. One of the three remain-

ing card slots is occupied by a board containing the hardware for the waypoint

data entry and display electronics. As mentioned in the waypoint guidance

panel discussion, these electronics suffered from serious noise problems - a

mix of CPU clock and strobe pulse interference plus the driving of long signal

lines to the waypoint guidance panel. A large amount of effort In the area of

switch debouncing and pulse edge filtering was devoted to clearing up the prob-

lem. When the gound station was configured to accept the trainer-simulator

(TO) it was decided to locat part of the electronics for this on the remaining

apace of this oircultboard. Traier-simulator cabling is routed around the

CPU from the board and terminates t an added bracket at the rear of the unit

where the remainder of the T eleotma'os oonnet.! This added subsystem

suffered from interference similar to that of the waypolnt electronics.
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5.2.4.5 Console Electronics Interface Unit (EIU). This is the switching and

meeting place for most of the console data and do power paths. It was origi-

nally envisioned as a circuit-card cage and connector panel with enough spare

card slots and connector space to handle future system needs. All the card

slots and most of the spare areas were filled well before the first Crows Landing

tests took place. The chassis is modified to mount the telemetry ground encoder-

bit synchronizer bolted along one side. It was located here to minimize lengths

of critical signal paths: ranging pulses, for example. Further information on

that unit can be found in the section on the data link.

Another smaller circuit is bolted to the chassis; it mixes command telemetry"

with a gated tone used for dead-reckoning recovery in the RPV. The tone was

originally supposed to go through a slip ring to the antenna where the mixing

would be done in the command transmitter. However, the transmitter inputs

were not compatible with that approach, and the mixing was moved nto the

console. As part of the trainer-simulator addition, a relay assembly was

fixed to the rear of the chassis to switch video to the simulator control box.

RPV Ranne Counter. During field testing, there appeared to be an Intermittent

problem with the circuitry that accumulates counts from a crystal clock and

thus determined RPV range from the GCS. Investigation showed that the count-

Ing elements were operating near their design limits at the then 60-MHz

crystal frequency. That frequency was halved and the circuitboard modified

accordingly. Use of the 30-MEz clock meant that the weight of the least sig-

niflcant bit of the accumulated round trip range increased from 5 to 10 m.

X-Y Plotter Drive. Noise in the data used to locate the RPV would cause the

plotters to jitter, smearing the pen track. Filters were added in both plotter

drive cirauit to smooth the plotter response.
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Auto/Manual Command Select. This circuitboard selects the source of three

main aircraft attitude control commands. Present selection is between the

computer and the manual panel controls. During system development flight

testing a third source, the radio control (RC) pilot control box. existed. Prob-

lems were encountered with the RC mode of operationwhich led to the loss of

an RPV. It was decided to give the RC pilot another selectable mode that

would make use of some of the aircraft autopilot's gyro stabilized control

loops. This board was modified to Implement that change.

Sensor Slew Command. This is a miscellaneous board built around the cir-

cuitry which generates slew commands for the different payloads and the GCS

video monitor cursor from the same joystick. The only problems encountered

involved slew control command polarities. It began with misinterpretation of

the sensor specifications and continued through evolution of the joystick with

the Inevitable "which way is up" discussion relative to Joystick elevation

commands.

Analog-to-Digital (A-D) Converter. This board, like most of the others in the

EIU, went from design to fabrication without benefit of an intermediate, bread-

board stage. Difficulty was encountered in getting the A-D converter device

(relatively new and with a preliminary data sheet) to operate properly. Once

in the systema part of the onboard data multiplexing circuitry (a recirculating

counter) was prone to multiple count the ringing edges of its clock.

Telemetry Decoder. After this board was built it was discovered that the

status data it was to decode had a 20-bit delay relative to command data. This

exceeded the previously assumed number and required some circuitry changes.

Flight tests revealed the need for a means of trimming out bias in the com-

puter controlled heading rate command. Those circuits were added here.
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Since the RC pilot could not always hear the RPV, a circuit was added to feed

a tone with a frequency proportional to rpm into his headset. The tone was

reconstructed from the telemetered rpm data.

Telemetry to CPU. This circuit generates interrupt requests to the computer

at the telemetry word rate. It turned out to be not always desirable to inter-

rupt the computer. For example, the computer diagnostic test programs do

not know how to handle an undefined (to them) interrupt request. The solution

was to add circuitry to disable the Interrupt function until the flight program

calls for them.

CPU to Telemetry. This board was originally designed as a port through

which the computer could transfer data Into the command telemetry bit stream.

One of the trainer-simulator additions was to create a way for the computer to

generate pseudo-status telemetry data, simulating a closed link to an RPV.

That task was accomplished by creating a new circuitboard. More recently a

modification to ease computer processing was made by tying together input and

output of the 32-bit shift register on this board.

Early in the test program a design weakness became evident - loss of down-

link telemetry while in the manual flight control mode caused the link loss

mode to be commanded. This caused unnecessary loss of hardware In a situa-

tion where the tiommand link was still active. The logic on this board was

revised to force the link loss mode off whenever manual flight control was

selected.

Data-Link Status. This board has lamp drivers for Indicators located on

variou console panels. With random status data these lamps would randomly

flicker and the filament tarn-on current would induce random noise spikes Into
other system displays. 9urp-limiting resistors In the drive lines cured the

problem.
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Switch Interrupt Processing. Several mission-oriented panel switches reach

the computer through this card. On two occasions during prelaumch activities

none of those switches were operative. The reason was a failure in the con-

trol box at the launcher, which put a 15-V level on one of the other lines going

to this card. The circuitry was dc coupled and the voltage was enough to dis-

rupt the entire circuitboard. To prevent that happening, the line from the

launcher has been ac-coupled into the circuitry.

Lapsed-Time Counter and Camera Frame-Rate Control. Among the circuits

here are two frequency generators. One was initially required for use as a

telemetry command to bring the RPV out of the dead reckoning mode; the

other was a spare. Addition of the low-gain antenna added the need for a sig-

nal to drive the gain select relays on the antenna. The spare tone generator

and a spare computer output from another board were used and mixed with the

existing tone since there was only one available wire (slip ring) to the antenna.

As mentioned in subsection 5. 2.4.5 the dead reckoning tone and the trans-

mitter were not compatible. A board change was made to remove that tone

from the slip ring. At that time another command was required at the antenna

to control the relays that switched the rf attenuators. The board circuitry was

again changed to add a gated tone signal (same frequency as the dead reckoning

tone) back onto the slip ring.

Video Interconnect This is the console video subsystem and includes several

circuitboards. Most of this circuitry had been breadboarded previously and
consequently most problems occurred in the areas of board layout and noise

interference. The computer Input-output bus runs and is terminated in the

EIU. It consists of around 20 signal lines with different phases of a 1-Mbz

clock on them. This induced herringbones on the video monitor presentations

and also nlterferred with the video sync separators, causing the alphanumric

characters to Jitter. Added filtering, both dfigtal devices and video signals,

decreased the noise to usable levels. A separate on-board voltage regulator

was added to stabilize the outputs of several momostables which determined
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This circuitry also generates the video cursor, positions it in response to the

console joystick, and inputs that position to the computer. Noise was disturb-
ing the end of the video field horizontal syno pattern and causing errors in the

counter that generates horizontal cursor position data to the computer.

Another circuit modification solved that problem.

5.2.5 Digital Tape Recorder

This tape recorder was Included In the GCS to provide another, more con-

venient means of computer data entry. It has become the only method used to

load flight programs. All program versions are stored on magnetic tape; all

mission telemetry is recorded on magnetic tape. Recently m extensive hard-
ware test program for console calibration and failure location has been

included as another system tape. A comprehensive set of diagnostic programs

for checking the computer and its peripherals Is available on one of the sys-

tem tapes.

Initial console location of the tape recorder was under the console desk -the

only open area at that time. This proved not only awkward from an operator

point of view (bending under the desk to load tape, recorder door interfering

with leg room) but it was undesirable from a reliability viewpoint since the

recorder's vacuum-operated tape positioning chambers would suck up dirt from

the floor, contaminating the tape and causing excessive tape head wear. Addi-
tion of the audliary equipment rack afforded a convenient, usable place to

relocate the recorder.

5.2.6 Air-Conditioner Heater

The airxoning system, which is fixed to lhs outside of the shelter, bi-
tially easld sir diretly IMto U dWlte and onto the sensor operutor. As
a result of dsv ea mponiot tompematureawpobleo ms disovered Aiig field
teUmtg the system had dullectors added I both the inlet and edaust to provide
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more uniform cooling of the entire shelter, a greater volume of air into the

radome for transmitter cooling, and an air flow directed behind the console

for cooling its electronics. The deflectors also reduced the noise contributed

by the air conditioner inside the shelter. In an attempt to force the operators

to maintain a benign climate for the missile hardware, the system power

switch was bypassed, ensuring that at least the ventilating fan is operating

whenever the shelter Is being used.

5.2.7 Paper Tape Reader

The paper tape reader (PTR) was initially considered to be one of the prime

mechanisms for loading programs into the computer. Early in the program

it was used as such to enter development-debug programs and computer

diagnostic tapes. As the system maturedi the digital magnetic tape unit took

over as the main means of program entry, and the PTR fell into a backup posi-

tion and then into disuse.

The PTR's original location in the console was occupied earlier by the telem-

etry receiver; the PTR now is wall hung by a bracket slightly below the air-

conditioner outlet duct.

5.2.8 Video Recorders

As mentioned earlier, the two video tape recorders (VTRs) were to be located

in the second shelter. With deletion of that shelter another location was found

on the shelter wall opposite the door and immediately above the air-conditioner

Intake.

VTR selection was made on the basis of low-cost, stop-slow motion playback
capability, size compatibfity for shelter lnstolam, and up to I hour record-
Ing time. The selected units are i a-omm'oaid type recorders and
have not proved to be as rugged and maintmauce free as desired. To solve
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the remote playback synchronization problem caused by frequency drift of the
diesel generator power source, a precision 60-Hz inverter was installed in

the GCS as a buffer.

5.2.9 Miscellaneous

Remote Manual Control System. Figure 78 depicts the control elements of the

remote control, or radio control (RC), system. The pilot's control unit was a

modified hobbyist-type RC box. The other unit was located in the GCS and con-
tained a switch and coding to select various control mode words which acted to
enable different aircraft autopilot control loops. Not shown is the test circuit-

board which substituted for the auto-manul command select board In the EIU
and allowed selection of a hybrid arrangement of flight control commands.
That board was used in any development test flights where computer control

was not used.

During flight testing the shared control of mode selection between RC pilot and

GCS pilot proved to be awkward, so the system was modified to eliminate the
box in the GCS. The new control scheme gave the RC pilot the capability of

selecting the regular RC or a new "augmented RC" mode. Augmented RC
allowed control from the RC box with all RPV autopilot loops active except
altitude. One of the EIU circuitboards had to be modified to allow that arrange-

ment of commands. At the same time the RC box was completely rebuilt inter-
nally, replacing the original handwired board with a printed-cirouit variety

and, in general, ruggedizing the box. A tone indicative of engne rpm was

added to the RC pilot's headset; some box controls were relocated for con-

venience and some were guarded for safety.

DC Power 9=1 The most desirable location for the power supply assembly

required a small, therefore efficient, unit. Fortunately, the one meeting

these requiraets also happened to be one of the lower cost units evaluated.
Although no specific problems have occurred due to overheating, a console
blower has been added to sme adequate air circulation through the assembly.
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Time Code Generator. The time code generator was selected to provide tim-

ing data to the computer for tagging magnetic and video tape records and for

tlin pulses inthe EU. .

5.3 LAUNCHER SYSTEM EVOLUTION

This section describes the evolution of the Aquila pneumatic launcher system

(Reference 11) from the early preproposal conceptual studies through the de-
sign, fabrication, developmental testing, and finally system validation testing.

These efforts culminated In the final launcher system configuration whose

detailed description and summation of demonstrated capabilities are docu-

mented in Volume I of this report.

5.3.1 Background

During the 2 years prior to submittal of the Aquila RPV-STD proposal

(30 August 1974) Lockheed studied and evaluated various launch systems based

on pneumatic, mechanical, linear electromagnetic, gas generator, and rocket-

powered catapult principles. The rocket system was not considered a viable

candidate but could be worthy of future consideration If proper emphasis is

placed on resolution of concerns regarding crew safety, fire hazard, and

smoke-generation characteristics. The gas generator system, although it con-

trols the fire hazard and essentially elimInates smoke generation, required

specialized solid or liquid fuels. Furthermore, these fuels must be provided

with an Independently generated ignition source,. or they must be hypergolic.

Eleotromagnetic systems proved to be very heavy and also unsuited to remote

site operation. LMSC and All American Engineering Company, the launch sys-

tem nbcontractor, therefore concentrated their conceptual evaluation on pneu-

matic and mechanical acceleration catapults.

TwO operational, scaled, systems were used to obtain o rmaumof theorti-

cal design analyses and operational eperienoe. Ons system was pwnmti,

(11) Looeed Missiles & Space Company, Inc., AS" BLUYinht u
C[ab A &W-her RULI~entMSC-LO2SO81, Hrt 10, Sjaml~e,
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and the other was mechanical, using a bungee cord accelerator. Both systems

were tested and have proved to be capable of meeting the program's objectives
and requirements. The capability of remotely charging the accelerator cham-

ber appears to favor the pneumatic system for unprepared field operations
when compared to the operations and subsystems required for resetting the

bungee cord mechanical system. The pneumatic system is also very easily

deactivated right up to the last moment before RPV launch in the event a launch
postponement is desired.

Finally, selection of the pneumatic catapult avoided a costly development phase

and made use of existing launcher technology. The pneumatic system as built,
by All American Engineering Company (AAE), Wilmington, Delaware, was
selected as the Aquila proposal baseline because it was basically an off-the-
shelf system expressly designed for launching small aircraft on the 200-lb

category at speeds to 70 knots.

5.3.2 Approach

The basic tenents of the Aquila launcher system approach were as follows:

9 Maximum utilization of existing off-the-shelf hardware

e Maintain initial concept providing modifications only if basic require-

ments could not be achieved or if cost-effective improvements in

service life, maintainability, mobility, reliability, and operability

can be achieved within contractual limitations

The basic approach consisted of the following steps:

* Approval of baseline design with interfaces defed and controlled

e Detailed design, fabrication, and extensive developmental testing

condActed by the ontractor, AAE, at his special facilities with
Loolhee monitoring the effort

e Mobfiity Implem taten and GUZ interfaclt provided by Lockheed
with desigp and fabrIcatIon at unyvae and cheokout at Fort Huohuoa
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9 Launcher-involved flight testing conducted by Lockheed at Fort
Huachuca; troubleshooting of anomalies resulting from field operations

...proveda-s jt LocIklIi-AAE effort .. . ...
" Design deficiencies negotiated witi and resolved by AAE

" System improvements negotiated with the Army

5.3.3 System Requirements

The initial basic launcher system operational requirements were as follows:

e No more than two people shall be required to set up, tear down, and

operate this system and launch one RPV.
* Minimum time and skill shall be required for assembly, disassembly,

and launch operations.

* There shall be minimum observables during laumch operations.

* Launch shall be possible from unprepared sites.

9 The launch subsystem shall be common to all phases of the program.

Lockheed mobility studies in May 1976 showed the feasibility of truck mounting

(M36, 2-1/2 ton, 6x 6 truck) the baseline launcher system. As a direct result

of these studies, launcher-system mobility became a launcher-system opera-

tional requirement.

To meet these operational requirements, the launcher-system design must

have the following characteristics:

e Lightweight components, none of which separately exceeds 200 lb,

which is the normal maximum weight that two men can readily lift

and earry short distames (This goal w eventually wived in
favor of using existing components.)

* Small-size component that separately do at have any pakaged
dimmnsions eceedin 20 ft, which is the normal maximum length that

two men can handle effectively in rough field conditions (Eventually
waived to use existing hardware.)
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e Simplicity of design to facilitate and speed assembly, disassembly,
operaticn, and maintenance at remote, unprepared field sites

* AdaPtability Of Installation to accommodate a wide variety of field
conditions such as desert, brush, forest, glens, mountains, and
snow cover

* System reliability to maxdimize operational successes and thereby

reduce costs

* Little or no emission of noise, smoke, fumes, light, or other observ-
able features

The critical launcder-to-RPV interfaces were identified as follows:

o RPV-to-shuttle mount Five points consisting of the two midwing
support rest pads, the two aft wing thrust fittings, and the skeg keeper

* RPV umbilical Interface. Established on the RPV starboard side
along BL 9. 22.

o RPV round cooling, Duct to opening in port side forward wing root

area; the ground mating interface Is contoured to provide easy hand

removal prior to launch

5. 3.4 Evolution

Dosim The Aquila launcher system bas evolved from the original basic con-
cept of a ground-mounted, rotatable launcher ito the omrent mobile tuk-

MOUnte system. The signiticant areas of modification sod improvement are
eiven in tdo section

fts- M* 1 . Army's desir, for mobiIf gve adde Impetus to the
sbad* of truck nicuntixg for the launcher and RPV lach support equipment.
Candiat Army vehicles wmo skUdies and mobility conocets eVniewed.
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The M36, 2-1/2 ton, 6 x 6 truck with the installation concept shown in Figure

79 was selected. Most components have been through-bolted with locking

hardware; notable exceptions are the ground-cooling system, which rests on a

rubber pad, and the control box, which has a 30-ft cable for remote (for safety

of launch) operations.

Shuttle Evolution. The launcher concept is based on equipment In existence

prior to August of 1974. The interface between the Aquila RPV and the

launcher required development of an interfacing shuttle assembly. The base-

line shuttle design of 1974 is shown in Figure 80. The nterfaces shown are

the five points on the aircraft - two wing support pads that provide midwing

support, two trailing-edge supports that also restrict rotation about the cen-

ter of gravity, and finally a skeg keeper that holds the RPV until launch re-

lease is achieved at the end of the launcher piston stroke.

System performance tests conducted at the AAE facility in 1975 showed no evi-

denoe of shuttle structural failure. Subsequent flight testing was conducted at

Fort Huachuca and resulted in a launch failure (Flight 14A) on 25 August 1976.

Motion picturee taken at the time of the attempted launch show the RIV react-

Ing to the applied launch acceleration. The "settling" of the RPV Into the aft

wing supports and the resultant spring return caused the RPV ukeg keeper to

disengage prior to achievement of launch speed. The RPV pitched up and over

the launch rail, completing two reverse turns before Impacting the ground in a

nearly horiontal attitude.

The skeg-keepor flngers were designed to compensate for some RPV move-

ment, and no immediate reason could be found for a premature release. Odb-

squ Inestt of the launhoer shuttle showed a bukoing of the flat-plate

desig, which created an excessive misalgumnt between dog and keeper.

The crash of the RPV is attributed to ths ffgure of the shuttle. The buckling

is a direct result of the method of decelerating the shuttle that is allowed to
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impact on two hydraulic shock absorbers, stopping the 115-lb shuttle In 10 in.

The resulting deceleration is in excess of 130 g and resulted in a gradual fail-

ure of the shuttle plate.

Since the buckling failure mode is a relatively slow process requiring many

shuttle operations, it was decided tj retain the flat plate as an interim design
with modifications to minimize launch acceleration effects between RPV and

shuttle.

The interim shuttle (Figure 80) was redesigned at two fundamental interface.

areas. The aft wing loads were transferred into the wing roots by addition of

external channels on top and bottom of the wing and bolted at the wing-to-

fuselage attach points. The channels terminate In a push block which Inter-

faces with a redesigned shuttle thrust fitting. An expendable soft shear rivet

restrains the RPV in the launch position. At the end of the launch stroke,

when the shuttle has begun deceleration, RPV momentum shears the soft rivet

and the RPV becomes airborne.

The second change was in the design of the skeg keeper. The restraining

spring was discarded and the angle of the keeper fingers was decreased from
35 to 10 deg. This provided a better holddown to the RPV skeg and maintained

easy exit for the Aquila at launch.

The final shuttle design (Figure 80) is expressly designed to survive the high
deceleration loads by ruged I-beams in the longitudinal directions. Torque
loads in the wing supports (forward and aft) are reacted through stiff hollow

tubes into the I-beams. A significant feature of the design i the reduction of
shuttle weight from 115 to 85 lb. The design includes a dasr assembly and

neoprene catebor, which prevents the skog-keeper arm assembly from rebound-
ing and possible launch interference. The forward arms are restrained from

reboud by friction pads about the arm pivot points.
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Launcher Electronics. The launcher electrical/electronic system controls,

operates, and interlocks launch sequencing. Functionally, the system can be

separated as follows:

o Visual status indicators

o Compressor on-off and pressure limits

o Safety Interlocks

o Launch velocity counter

o Manual launch control with safety key

o Emergency alarm interconnect

o Remote Interface for OCS launch command

9 Intercom

The electrical/electronic system has worked reliably throughout the demon-

stration program, with the exception of the velnoity counter system. As

originally designed, the counter was a noise susceptible single-ended circuit

that did not provide sufficient noise Immunity for the GCS computer. An

improved circuit with differential inputs was later Installed. The velocity

counter sensors presented another problem area insofar as their proximity to

the decelerating shuttle. This is a high shock load environment that has

caused transistor failure and has caused the operating points of the magnetic

pickup to shift from the normal. The magnet to trip the velocity counter sen-

sore rides on the crosshead of the piston assembly. Shock transients at this

location cause demagnetization of the magnet. This is being alleviated by in-

stallation of magnets made of Alinco VII material, which Is only slightly

affected by the shook load encountered during the deceleration process.

The majority of the velocity counter electronics have been transferred from

the seneor loation near the shock absorbers to the control box, which is lo-

cated remotely from the launoher.

Anote Improvement is the addition of a counter on the control box, which

provides an improved accuracy determition of velocity over that obtainble
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through the GCS computer. The 0CS can determine time only In plus or minus

0.5 ms increments, which is equivalent to plus or minus 2 knots. The velocity

counter can resolve the time to 20 4s, which is equivalent to 0.08 knot.

Accumulator Evolution. The accumulator and surroumdlng structure are sub-

jected to shock load when the shuttle assembly Impacts the front-end hydraulic

shock absorbers. In July of 1976, AAE experienced a weld failure in the

accumulator structure at the head of the launcher where the shock absorbers

interface with the accumulators. The weld failures were first experienced by
AAE on another program and, as a result, the company performed a field

retrofit by welding reinforcing material to the accumulator structure and then

hydrostatically verifying accumulator integrity.

A second weld failure point was detected at the accumulator base pedestal

mount. This structure was modified slightly by AAE. A launcher similar to

the Army LP20-209 model was procured by LMSC for RPV testing. During

design of this LMSC unit, a new heavy-duty pedestal was designed and procured

for use on the truck-mounted launchers. The new pedestal will no longer per-

mit rotation of the launcher about the pedestal base. Since the launcher is not

required to be ground mounted, this loss of flexibility is acceptable.

Dryer Evolution. Field experience has shown the basic launcher to be a reli-

able, functional item. There have, however, been periods of downtime that

are directly attributable to excessive moisture In accumulator, pistons, con-

trol valves, and seals. The compressor has no means of moisture removal

prior to delivery of air to the accumulator. The air temperature is often over

180 F when the delivered air exceeds pressures of 100 psig. Under even

moderate humidity conditions, as much as a litre of water has been drained

from the system. The liquid precipitates out of the air when cooled in the

accmulator and the air pressure control panel at ambient temperature, and

causes deterioration and rusting of seals, valves, and control regulator. To

provd inereaed tim between required maintenance, a regenerative dryer
has been added to the system.
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Test Results.. The summary of results from launcher tests is presented In

Table 16. These tests Include the first developmental test at AAE on

18 August 1975, the preflight developmental testing at Fort Huachuca, actual

RPV flight test demonstrations at Fort Huachuca, and the new shuttle develop-

mental testing at AAE and subsequent completion of RPV flight-test demon-

strations on 10 July 1977. During this period 190 launcher tests were made.

These tests equate to a launcher reliability of 0.98 for all launchings, and to a

launcher reliability of 1.00 for all launchings with the current lighter,

improved shuttle.

During the period of the 190 launchings, the RPV weight varied from 126 lb to

over 145 lb. Developmental testing with inert weights or dummy projectiles up

to 165 lb occurred on several occasions. Launch velocities for Aquila RPV

varied from 45.6 to 52 knots. Test data for other than RPVs approached 60

knots launch velocity.

On the basis of these results showing high reliability under widely varying con-

ditions, the concepts of launch and launch support have been shown to be valid

and repeatable In day-to-day use.

Performance. Launcher performance capability has been confirmed by test

for launch velocities to 60 knots and for vehicle weights up to 200 lb. The

accumulator pressure required to launch the RPV can be closely approximated

by an expression where pressure is linearly proportional to the weight and to

an exponential power of the velocity. For the current shuttle (weight 85 lb),the

experimental test data was used to derive the following:

P 8.716 x 10"4 V '86 6 (W) (8)

where

P - inital launch pressure (eig)
V - RPV almoh velocity tmots)
W - total woeiht; RPV weight plus 85 lb for shuttle (1b)
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TABLE 16. LAUNCHER TEST SUMMARY

Launcher

Total Success Failure

Test Type

Demonstration Flight

Airborne 59 59 0

Launch 1 0 f 1 a )

Developmental

RPV-003 11 11 0

ITV 49 46 30b

Blivit 31 31 0

Shuttle 39 39 0

TOTAL 190 186 4

Launcher Type

Serial Number

9753 95 91 4

9754 70 70 0

10755 25 25 0

TOTAL 190 186 4

Shuttle Type

Orignal - Flat Plate - 115 1b 131 127 4

Current -I Beam - 85 lb 59 59 0

TOTAL 190 186 4

(a) RPV-003 launch incident.
b) All three failures due to improper test setup - i.e. failure to watoh

Installation tolerances.

252



//

I"I

Based on this eiuation, the performance plot (Figure 81), showing Initial pres-

sure asa function of launch velocity and RPV weight, was generated and used

during Aquila testing.

RPV acceleration loads can be found theoretically, but a more direct method is

found when experimentally determined g values for various shuttle weights and

launch velocities are plotted versus the kinematic values for linear accelera-

tion. Figure 82 is such a plot of data from Aquila and from other programs that

use pneumatic catapults. The straight line is the theoretical linear accelera-

tion; the data points are experimental data. As can be seen, the linear accelera-

tion approximation holds very closely for a wide range of data. Thus, the g

values of Figure 81 are those for an Ideal linearly accelerated RPV. When

using the chart, the 6-g restriction for acceleration should be maintained; thus

the launch velocity selected should not exceed 52 knots.

60 
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Conclusions. The prime objective for the Aquila RPV-STD launcher develop-

ment program was to produce a reliable launch system which could be used
repeatedly for developmental flight testing and which would offer the potential
for further development into the highly mobile, low observable launch system

which would support any RPV mission in any field environment. The linear
pneumatic system developed for Aquila has shown proven reliability In excess

of 98 percent under widely varying conditions. The system provides prelaunch

conditioning to the RPV and the proper inclination and attitude during launch.
The system is truck-mounted (2-1/2-ton long bed M36), and has demonstrated

mobility in limited field usage. The design of the basic system has been aug-

mented by RPV support systems which also provide mission mobility.

During development, problems relating to shuttle redesign, addition of dryers,
and modification of velocity sensors were successfully resolved. The current

system has shown mobility, flexibility, and high reliability during flight tests,

and the original objectives have been met.

5.4 RETRIEVAL SYSTEM EVOLUTION

This subsection describes the evolution of the Aquila retrieval system (Refer-

ence 12) from the early preproposal conceptual studies (which led to selection

of a parallel strap system) through design, fabrication, development testing, and
early system validation flight testing. Problems occurring during early system
validation flight testing led to introduction of the vertical barrier system. The
detailed description of the current vertical barrier retrieval system and its
demonstrated capabilities are documented in Volume I of this report.

5.4.1

During the 2 years prior to the submittal of the Aquila RPV-STD proposal on
30 August 1974, Lockheed and All American Engineering (AAE) - the subcon-
tractor - studied, evaluated, and tested various retrieval systems. Table 17

(12) Lockheed Missiles & Space Company, Inc., ia BV Test Report.
CDRL AOOD. Retrieval System Development, LMSC-L028081, Part 6,
fmtnyvale, Calif.
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summarizes the evaluation of the various systems considered, versus desired

system characteristics. The arrester line/parallel strap system was selected
as the proposal baseline primarily because it was the only system whose cap-

abilities were demonstrated and because no other system offered significant

potential for Improved site operations and minimal potential for RPV looms

due to near misses. To further support this selection, Lockheed, AAZ, and

Development Sciences, Incorporated (DSI), completed a series of full-scale

aerial tests to demonstrate the operational feasibility of the parallel strap sys-
tem. A dummy DSI "Sky Eye" RPV airframe, properly ballasted, was used In

these tests. Figure 83 shows photographs of some of the significant pieces of

equipment used during the tests. Dynamic dead-load tests simulating the

energy, Inertia, mass, and other physical characteristics of an in-flight RPV

were conducted. Force, distances, deceleration rates, and deflection data

were obtained for analytical evaluations of the system design and retrieval

dynamics theory. Figure 84 presents photographs of the dummy RPV In vari-

ous stages of the successful retrieval process. Arrester line engagement,

RPV deceleration, RPV throw-distance, parallel strap maximum deflection

under RPV load, and g-load levels were all within the desired design limits.

The operational success potential of the parallel strap system was demon-

strated, and the system concept was Judged to be developable for effective,

safe ltPV retrieval.

5.4.2 Approach

The basic approach for the Aquila retrieval system was similar to the Aquila,

launoher system, i.e.:

* Maximum utilization of off-the-shelf hardware

e Mantenance of fitfl concept, providing odftions only f basic

requirements old not be achieved, or if cost-effective inprovenent

in service life, ty, mobility, reliaility, and operability
can be achieved w e contrabc imitatons
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The following steps were carried out In the implementation of this basic

approach:

1. Baseline design was approved with interfaces defined and controlled.

2. Detailed design, fabrication, and extisive development testing were

conducted by AAE at their special facilities with Lockheed monitor-

ing the effort.
3. Early Involvement In Lokheed-oonducted flight testing at Fort

Huachuca; trubeshoottng of anomalies resulting from field opera-

tions and system modifications to Improve reliability provided by
Joint LMBC-AAR efforts. (Early problems relating to complexity,
reliability, and maintainab£lity of parallel strap system as well as

adverse Impact of traling hook assembly on RPV performance led
to the decision to change the baseline system to the vertical barrier

retrieval system. The vertical barrier system was selected for

development after an exhaustive study of more than 40 mini-RPV
retrieval systems.)

4. New baseline system was originally conceived as a mobile system

and was designed, developed, and tested at AAE.
5. Minor design deficiencies in the new baseline system would be

resolved and negotiated with AAE.
6. System Improvements would be negotiated with the U.S. Army.

5.4.3 System Requirements

The basic retrieval system operational requiremen are identical to those of

the launcher system and are as follows:

" No more than two peopb shall he required to set up, tear down, and

opemte the system and retrieve one RPV.

" Minboun Mme and *h diall be required for assembly, disassenbly,

anW retrieva operaim.
" Thre shall be minimum oboervables during 'roival operatios.

20
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* Retrieval shall be possible from unprepared sites.
" Retrieval subsystem shall be commoin to pases of the program.

noe sam Lodiheedi studies that showed the feasibility of truck mounting the
laumdler also showed the feasibilty of trailer mounting the parallel strap

To meet the requirements of practicality, low cost, rlability, and field
nintainawitly, the system, must have the following characteristics:

* L~ghtweigh components, none of which separatey oeseed 200 lb
* Small size components that separatey have no package dimension

exceeding 20 ft
" Desig simplicit to facilitate seed of assembly, disassembly,

operatic., and maintenance at remote unprepared field sites
* Abilt to acmotea wide variet of field conditions such as

desert, brush, forest, glens, mountains, and snow cover
" System reliability to maatmlze operaional successes

" Little or no production of noise, smoke, fumes, lights, or other
observable features

Othe specific design ahrceitc which evolved are as follows:

* hivronents for retrieval- Fort Huachuca, Arizona; Fort 811,
test demnsrations Oklahoma; and/or other similar plWae

a RPV descriptions:
- Weigh Oncluding fuel) 140 lb nominal

*- TLngeb 8 ft nominal
- wingspan ll. 9ft nominal
- Body diameter 12 In. nominal
- Propelle abroud diameter 22 in. nominal

* UappWM.t ground vSlocty 38 to 58 knots, low-approach angle/
* Capture loga 6 g In the thre major R"V axes
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i Retrieval crew Two persons

" Retrieval crew skills Minimum

" Duty cycle (RPV-STD 4 sorties per day; 4 days per week; 1-

aircraft) hour flight time per sortie (minimum)

" Recycling time 10 min maximum

" Life 250 retrievals between overhauls,

minimum (not Including consumables,

i.e., fluids, straps, and lines)

* Safety Remotely activated system

* Ambient winds during 20 knots, gusts to 35 knots, 4,000-ft

operation altitude at 95" F

" Design altitude 4,000 ft (MSL) at 950F (hot day)

" Installation and disassembly Maximum 1 hour each (2 men)

times

0 Reorientation of retrieval Maximum 10 min (2 men)

direction time

" Retrieval direction Bidirectional retrieval capability

" Mobility Mounted, transportable, and opera-
tional on two Army M345 trailers,

each capable of being drawn by one

Army M35 or M36 truck

5.4.4 Evolution bf Parallel Strap System

System D i During the initial phases of the RPV-STD Program, a

system employing an RPV trailing engagement hook and called the Parallel
Strap Retrieval System was used.

FIgure 85 Is a sketch of the Aquila RPV In a final approach to the Parallel

Strap Retrieval System. The RPV is shown with a deployed trailing engage-

meat hook prior to semat wilh one of an array of 10 horizontal arresting
ines. The arrestng lnee are arranged on a 46-deg inclined array ahead of

22
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the landing net. Upon engagement of the hook with any one or more of the

lines, the vehicle will be decelerated to zero forward velocity and then

pancake-landed into the landing net. Deceleration forces are generated by

two rotary hydraulic energy absorbers to which the arresting lines are

attached through a system of pulleys and sheaves.

Figure 86 shows an Aquila In final approach just before a successful retrieval.

Figure 87 shows the RPV being decelerated after hook engagement and just

before its successful pancake landin In the net.

Development Testing. Flight test activity, which employed this horizontal

parallel strap system, was preceded by an intensive design and simulated flight

test program to develop and qualify the system. LMSC as the prime contractor

was supported by All American Engineering Company as the subcontractor.

Figure 88 shows photographs of an Aquila inert test vehicle ([TV) in the proc-

ess of retrieval during a simulated flight test. The ITV had the external con-

tours of the Aquila airframe and was ballasted to the appropriate gross weight

(120 lb) and center-of-gravity location. It was also Itrumented to record

axial, transverse, and vertical loads as a function of time during retrieval.

Note, In Figure 88, the action of the deployed payload protector shielding the

payload from adverse effects of Impacting the horizontal landin net straps.

These tests were conducted on an aircraft taxiway at the Wilmington, DE,

airport. The Parallel Strap Retrieval System was Installed alongside the

runway ramp. The ITV was suspended from a structure mounted on a 2-ton

truck. With the hook alreas deployed, the truck was accelerated along the

aircraft taxiway to the desired ground speed. At the appropriate moment

before trailing hook segagement with the horizontal arrestng line array, the

ITV was relesed automatically into a free-flight, umpowered glide. High-

speed motion picture plotography reorded the ITV retrieval trajectory, book

2"
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Figure 88. Aquila Inert Test Vehicle MIT) in process of Retrieval
During Simulated Fli~t Test. (Top Photo) Approach at
45 kn~ots immediately before ITV relesue and free-flight-
glide hook engagement; (Center) ITV decelerating after
book engagement and before landing in net; (Bottom)
Retrieved ITV at rest In landing net
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and arresting line dynamics, and subsequent ITV and landing net impact mo-

tions. Thirty-five simulated flight retrieval system development tests were

conducted before the system was committed to actual flight retrieval of the

Aquila.

Three types of tests were conducted during the retrieval system simulation

test program:

" Static OW Drop) Tests. These tests were conducted to obtain quali-

tative data of ITV vertical deceleration loads on the landing net from

various pendant engagement altitudes.

" Dynamic TV Engaement) Tests. These tests were conducted at a

maximum velocity of 48 knots. The tests were conducted by accel-

erating the test truck and releasing the ITV at the proper time to

perform a dynamic engagement of the ITV tailhook system into the

recovery system pendant network.

" Dynamic (No ITV Drop) Hook Enagement Tests. The tests were to

study the action of ITV pole and hook assembly with the engagement

pendant network without Jeopardizing the ITV.

Three types of data were obtained - instrumentation, photo, and visual

observation.

For the static ([TV drop) tests, the results are shown In Tables 18 and 19.

Typical accelerometer traces are presented in Figures 89 and 90, MaxImum

vertical deceleration was measured at 6. 2 g from a drop height of 12 ft with

20 ft-lb tape tension (Figure 89).

For the dynamic (ITV engagement) tests, Instrumetation traces were obtuaied

of:

* Water twister tape tension

* Water twister rpm

* ITV ensnoment and landin acceleratlons
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Data from these tests are furnished in Table 20.

The recovery system was shown to be satisfactory for the recovery of the

Aquila vehicle. During normal arrestments and landings up to 48 knots, the

recovery system did not impose accelerations in excess of 6 g. Engaging

velocities to 58 knots were not accomplished because of test truck limitations.

Theoretical test data and actual test data indicate that the axial acceleration

values will remain below 6 g up to 58 knots (Figure 91).

The development testing also included an intensive engagement hook develop-

ment program involving proper design of the hook and hook system, its stow-

age aboard the RPV, its proper in-flight deployment, and estimates of its drag

and aerodynamic control moment effects on the flight characteristics of the

vehicle.

Figure 92 shows a typical hook engagement of the arresting line array, and

Figure 93 shows closeup views of the hook and hook assembly. Note the keeper

that permits an arresting line to enter the throat of the hook but prevents its

expulsion. Figure 94 is a sketch showng the relationship of the Aquila RPV,

deployed hook assembly, and arresting line array immediately before hook

engagement.

Several undesirable features of the arresting-hook/parallel-strap system be-

came clear in the course of Its development and use and contributed directly to

the loss of RPVs.

9 The deployed RPV trailing hook induced undesirable drag and control-

moment offents on the RPV during its final approach to the retrieval

The antremly lightwi/ght structure required for the engagement

hook assembly (approximately 1. 7 Ib) provided very limited dur-
ability when su*jeoted to retrieval engagement loads (from one to
not more than three retrievals before major repair).
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Figure 92. Typical Hook Engagement of Arresting-Line Array

" Proper stowage of the engagement hook assembly on the RPV

required special personnel training and skills to ensure readiness

in flight for remote deployment of the hook assembly on command.

* The intricate nature, extremely light weight, and low-drag require-

ments of the hook assembly - combined with its limited life before

repair - made the engagement hook assembly a costly item.

b paraW utA the PIla flight test program involving the arresting hook/

sw retievul system, higly successful development tests were

nan a = Ow werel barrier retrieval system, which eliminated

WO mof ig -wd high damage potential - with tall pole frames

e e noam qsmm. As a regslt of these successes, the vertical

UW
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Figure 93. Engagement Hook Assembly. (Top Photo) Hook;
(Center) Hook assembly folded and ready for
insertion into sheath; (Bottom) Hook assembly
sheathed and ready for attachment to RPV
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barrier system was adopted for subsequent Aquila flight tests, thereby elimi-
nating the problems of the hook assembly and hook engagement. As an added
advantage, the vertical barrier retrieval system was developed as a mobile
item, on standard Army transport equipment, that would not require any
ground-staking and would be deployable at unprepared sites with very little

or no site clearing.

The vertical barrier system was selected for development after an exhaustive
study of more than 40 different mini-RPV retrieval system concepts, all of

which were identified as adaptable to tactical Army multimission RPVs.
Through various combinations and permutations of these Individual systems,

the list is easily expanded to well over 100.

5.4.5 Evolution of Vertical Barrier System

5.4.5.1 System Description. Figure 95 shows the concept of the vertical
barrier system and Figure 96 its method of RPV flight retrieval. Basically,
the system consists of two vertical barriers placed at either end of one hori-
zontal RPV landing net. Two vertical barriers are employed to permit RPV
retrieval without reorienting the retrieval system relative to wind direction.
Opeat , the vertical barrier serves to absorb and dissipate the flight

kinetic energy of the RPV, and the horizontal landing net serves to absorb the
potential mergy of the RPV resulting from its arrested height above the land-

ing net.

The flying and structural characteristics of the Army multtmission RPV and
its final approach guidance system indicated that a vertical barrier having a
vertical dimension of 15 ft and a horizontal span of 35 ft would be appropriate.
This overall size would provide an effective retrieval window of 12 ft (vertical)
by 21 ft (horizontal). This size is based on the location of the RPV center of

gravity at impact and provides ample safe margins for the wing span and pro-
poller shroud outside the retrieval window Itself.I



qU)

CLI

LuLU
__ ~u.

u4.

0 U0

W).

LU IM

_c t 0

-aL

CL v)



C



.' w ~- --

0
0

I,

.~ .~

ii '// ')//// Ii
5 ,,~ "11I, /

II 4

K

284



-7:

I .1 I



Each vertical barrier net, supported between two vertical poles, is connected

at its four corners by lines through pulleys to two rotary hydraulic energy

absorbers. The energy absorber assembly consists of a hydraulic-fluid-filled

housing with two sets of eight stator vanes fixed to the top and bottom of the

housing. Nine rotary vanes attached to the rotor shaft are located in the space

between the upper and lower sets of stator vanes. The rotor shaft is driven

by a tape reel on which a roll of high-strength nylon tape is stored. When the

in-flight RPV engages the vertical barrier net, the nylon tape connected to the

vertical barrier pays out and the desired arresting force is provided by the

hydraulic fluid in vortex motion induced by the rotor. The rotor and tape reel

have a common shaft, so that rotation of the tape reel during RPV retrieval

deceleration spins the rotor vanes at a high speed. To make the system ready

for another RPV retrieval, the nylon tape is rewound on the reel, thereby also

reerecting the vertical barrier in its proper place. A hold-back brake

mounted on the energy absorber housing provides the force needed to maintain

the vertical barrier erect in winds to 20 knots and gusting to 35 knots.

The horizontal RPV landing net has a width of 25 ft and a length of 60 ft. These

dimensions are an appropriate match for the 15- by 35-ft vertical barrier and

provide the desired RPV deceleration characteristics within the structural load

limits of the Army multimission RPV.

The landing net consists of 1-3/4-in.-wide, high-strength dacron straps spaced

1 ft apart over its entire 25-ft span. The straps are stored on reels for easy

field setup and strikedown. The reels are equipped with a ratchet drive so that

the straps can be tensioned properly to 10 ft-lb of torque with a torque wrench.

The entire retrieval assembly Is mounted on two standard Army M345 trailers,

each of which can be drawn by a standard Army M35 or M36 truck.

28



5.4.5.2 Development Testing.

Test Facilities. The mobile vertical barrier system was constructed and a

development program was conducted consisting of 21 inert RPV vehicle re-

trieval system development tests and 11 RPV structural retrieval tests.

The retrieval system was mounted on two M345 trailers obtained from Army

inventory. A full-scale inert RPV tept vehicle was constructed of wood and

metal. It was instrumented with three-axis accelerometers to measure axial,

vertical, and transverse retrieval loads. Ballast was added to bring the vehi-

cle gross weight to 140 lb and was balanced to properly locate the center of

gravity.

A pneumatic launcher was used to accelerate this inert test vehicle to veloci-

ties ranging from 33.5 to 51.5 knots. Figure 97 shows this inert test vehicle

mounted on the pneumatic launcher in preparation for a retrieval system test.

The vehicle was launched for impact into various points on the verticalt barrier

net and at various vehicle attitudes.

During retrieval, instrumentation in addition to the accelerometers measured

the initial impact velocity, gathered force-time-distance data from the energy

absorber, and located the point of Impact. High-speed motion pictures were

taken to evaluate the trajectories and motions of the vehicle during retrieval.

Following these retrieval system development tests, 11 additional development

tests were conducted to evaluate the effects of retrieval on the RPV structure

and skin. An actual RPV airframe was used for this series of tests. Six of

these tests were conducted in the same manner and over the same general

range of conditions as the retrieval system development tests, using the wood

and metal inert test vehicle.
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The remaining five tests were conducted with the RPV pneumatic launcher

mounted on a standard Army M36 truck. Figure 98 shows the RPV airframe

vehicle in battery position on the launcher before being launched into the

retrieval system. In both portions of the complete test series, the same

RPV instrumentation was provided and data were obtained.

Development Test Remlts. Development tests were run in August 1976 at

Wilmington, Delaware, and In September 1976 at Fort Huachuca.

Summaries of the data obtained in the 32 development tests conducted on this

program prior to actual RPV flight retrieval demonstrations are presented in

Tables 21 and 22. Table 21 presents the data on all 21 tests obtained with the

inert test vehicle (ITV) shown in Figure 97; it also presents the data obtained

in the first six tests using the RPV structural test vehicle (AQ-003) shown in

Figure 98. (The five shuttle-only tests are not included in these totals.)

Table 22 presents the data obtained in the last five tests using the RPV struc-

tural test vehicle.

Figure 99 shows a series of photographs of the ITV after launch and in various

stages of retrieval. Because only one such photograph was taken in any single

test, the series is necessarily composed of photographs of the ITV from differ-

ent tests. The test during which each photograph was taken is indicated in the

caption; the corresponding test data are In Table 21.

Figure 99(a) shows the ITV in free flight just as It leaves the pneumatic

launcher but before it impacts the vertical barrier net. This photograph was

* taken during test event 18; a summary of data obtained is shown in Table 21.

The following specific facts can be notech the velocity of the vehicle at the

* instant of the photograph was 33.5 knots; the vehiclelmpated the center of

the vertical barrier ne it approached the not in a horizontal flight path; the

yaw or skew angle was 0 deg; the naximum vertical load upon Impacting the
landing net was 1. g; the tranverse loads were negligible; and th retrieval

was 100-pere"t suoesafl, with no damage either to the ITV or to any por-
tion of the rableval system Itself.
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Figure 99(b) shows the JTV just as It Impacted the vertical barrier net. This

photograph was taken daring test evat 15. The velocity of the rTV was 51.3

knots, and the vehicle Impacted the vertioa barrier net in a high-oenter loca-

tion. This Impact location was obtained by Increasing the elevation of the

launcher to a 5-deg Incidence angle. Thus, the lTV is rising into the vertical

barrier net along a 5-dug Incidence angle. The muximum axial loads expert-

enced were 2 .6 g; the maximum vertical loads experienced on impact with the

landnot were 4.2 g. A small transverse load of 1.2 g was also measured

in this test. This test wasalso 100-percent successful.

Figure 99(c) shows the 1TV being decelerated after impact into the vertical

barrier net. This photograph was taken during test event 14. Table 21 shows

that the velocity of the ITV at retrieval was 49.5 knots. Other data obtained

for this test can be found in Table 21. This test was also successful.

Figure 99(d) shows the 1TV an it appeared after successful retrieval and at

rest In the parallel-strap, horizontal landi net. The vertical barrier straps

are spaced along the entire wing leading edge, thereby distributing the re-

trieval deceleration loads over the entire wing span In a desirable manner.

Structural Lads Exper,i eed By EPY. Figure 100 presents a tpioal set of
three-mis force traoes of the loads experienced by the RPV structural test

vehicle during launch and retrieval. This set of traces was obtained during

test event 81. Table 21 shows that the RPV vehicle was launched at a velocity

of 51.2 knots, Impacting the vertical barrier in the hig-eter portion, travel-

Ing on a +5-dig fliht-pa& Inoldenoe angle. The maximum -mitograph loads

listed are those obtaned from bros traces Uke those sh n FIure 100. The

scoderometers In the sa p Instrume1t wer oriented so as to meas-

u" axial, trasv , and vertical loads relative to the RPV fuselagp axis.

ID Fwure 10 point A marks th Initiation of the launoh acooleration of the
RpV. This load Ineaes vry rpd to apNkvalue of about 6.3 g. A

i S?
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small vertical load on the vehicle was also recorded at this time and is due in
part to the 5-deg angle of attack of the RPV and in part to mechanical takeup

in launcher shuttle clearances In the vertical direction. At point B, the launch

acceleration has been completed and the RPV released Into free flight. The

recorded RPV velocity at this point is 51.2 knots.

After a short free-flight glide of about 10 ft, Initial contact with the vertical

barrier starts with an increase (point C) in the longitudinal forces measured by
the vehicle. The deceleration loads increase to a maximun value of about 2.7

g and thU decrease until the RPV has been stopped in its forward flight (point

D). The RPV them drops into the horizontal landig net, making an ituttal con-

tact at point E. At this time a sharp rise in the vertical as well as the longi-

tudinal loads occurs up to point F.

The rim in the longitudinal loads acoompaqyi tbe rise in the vertical loads

results from crose-coupling doe to the small nose-down Impact of the RIPV
upon engaging the landin net. A small transverse Ioad was also recorded.

After the initial landing impact, four additional osifllaions of rapidly decreas-

ing load amplitude were recorded. Table 21 shws that the structural RPV

was retrieved during this test event without damage to the vehicle or to the

retrieval system.

Figure 101 presents the retrieval force, tope-reel and -rotor revolutions, and

time traces of both the right- and left-hand hydrmlic energy absorbers ro-
corded durig BPV retrieval. The energy absorbers, connected to each side

of the vertical barrier net, provide the RPV deceleration forces. A revolu-
tion oa-iu, was mounted on the tape reel, and a force transducer was mounted

withi Me comection be twen the tape and purchase rope connected to the

ornes of the verial barrier not. in genral, the two energy absorbers

- about s reieval lads and energy abi ptI.
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However, the right-hand absorber was initiated about 40 ms before the ldt-

hand unit. This was due to a small difference in right- and left-hand retrieval

loading and to the hold-back brake force, which for this series of tests was

set at about 40 lb on each energy absorber. The expected similarity of the

shape of these load curves to the shape of the longitudinal deceleration force

curves measured on the RPV, as shown In Figure 100, in evident by comparison.

Figure 102 presents the measured maximum axial deceleration loads imposed

on the RPV by the vertical barrier net during retrieval as a inotion of RPV

retrieval velocity. These loads do not exceed 3 g at velocities up to 51.5

knots. All but one data point are those developed In tests where maximum

retrieval loads are generated only by the hydraulic action of the energy ab-

sorbers. As would be expected, the maximum hydraulic load gradualy In-

creases with increasing values of initial RPV impact velocity. However, If

the RPV has not been Maly stopped by the hydraulic action of the energy ab-

sorbors before the energy-absorber tape has been fully payed out, the RPVwill

be arrested in a final phase by elastic loading of the vertical net system and

the payed-out tape. The theoretical elastic loading curve for this system is

seen to rise very rapidly wtth initial RPV impact velocity. In fact, it crosses
the hydraulic load curve at about 58 knots and reaches a 6-g RPV axial load

value at about 58 knots.

O teat polnt was obtained at which elastic loading was encountered as shown

In Figure 103. The ospe of the RPY axial loed curve with elstic loading

present as m amwed with the aclmete rlaraph Is shown In Figure

103. Fr the conxdion of this RP retrieval test, the elastic load developed

ma loer than he maximm hydraulic lod developed. Is estimated, how-

ever, At the elastic load will always emceed the hydra lio load at all RPV

velocie geter than about U IIots. The elastic loading ourve can be

shfe to highe 'PT IM.t vuleatt by hcnfael the piyot Mostftc of
the eepabuoerbz top. When this I dome, of course, Ie RPV deocelera-

Usn disie will also be increased.

Ml



WFN

ZI0

~~ zOcX .

0 LA

LLIII

I- L) I-

-J a
0~ m .0

ZLU Ln tf<
-j L LU1 . xl.~

~~~% U 11-0d
_5 < <13 0

> ~ aI
x 0 x 6

LLSU

> LDJL
Lai D

U.> LL.

LU g

< <0

0 0~

(0) SaUDA MoUVU13oI" XY MfWIXVW



N U

0 4

eN N %A

o4 1 P

LL 1->Jov l

SOS



Figure 104 presents the maximum vertical deceleration forces experienced by

the RPV ITV as a function of vehicle retrieval height above the landing net.

At a maximum RPV retrieval height of 15 ft above the landing net, a measured

vertical impact load on the RPV of 6.5 g was measured. This force rapidly

decreases to about 3 gwhen the RPV impacts the vertical barrier at about 6.5

ft above the landing net.

A 6-g vertical load Is induced into the RPV structure after a 14-ft drop into

the orizontal landing net. A 14-ft drop Is the maximum fall that the RPV will

experience when It enters the top boundary of the vertical barrier retrieval

window from a horizontal or 0-deg flight-path approach angle. The test data

for the 15-ft drop were acquired by increasing the Incidence angle to a +10.5

dog (or rising) trajectory into the vertical barrier net. Such a flight trajectory

Is not normally to be expected, ; , i &u.. 22 shows that structural damage to

.ae wing did occur in these two teet -ewv . In fact, the usual flight-path

approach angle is slightly negative .'ppr, '-ntely -4 dog); so the actual drop

into the landing net will be slighti lec- t1e 14 ft when the vehicle enters the

vertical barrier net at the upper.. --:_ry of the retrieval window.

Sufficient data were not obtained to resolve the spread of the data in Figure 102

ocr 104. All the data btained to date have been plotted on these figures. In

addition to the effects of RPV vertical Impact height and RPV Impact velocity,

the data include the effects of RPV skew angles to 24 dog and flight-path Incl-

nation angles from 0 to +10.5 dog.

Transverse loads never exceed aprxmtely 2 g In either diretion and have

not been plotted.

The hydraulic fluid used in the energy absorbers was standard automotive

transmission fluid. Figure 105 presents the vioosity of the fluid used as a

funotion of temperature. The development tests reported herein were oon-

dinted over a temperatu e range from about 500 to 1000 F. No chang in per-

fmame with temperature was noted.
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In this temperature range, the theoretical contribution of fluid viscosity to

peak retardation forces generated by the energy absorbers Is not greater than

about 3 percent. Thus, no measurable effects with temperature would be

expected over the temperature range of these tests. However, the viscosity

of the fluid does increase very rapidly as temperature Is significantly lowered.

For example, f the fluid temperature Is decreased to -150F, the viscosity

contribution to energy-absorber retardation-forcoe gewration will be about 30

percent of the total force. Since the viscous contribution is principally addi-
tive, the hydraulic deceleration loads will be increased significantly over

those shown In Figure 102. Furthermore, at about -400F, the viscous contri-

bution will be about five times the total hydraulic force generated in these

development tests. Thus, for etreme cold weather operation, the hydraulic

fluid used in the energy absorbers must be changed to a fluid of lower viscos-

ity, but of approximately the same fluid density.

Flight Test Results. Following these tests, over 40 successful consecutive

Aquila RPV flight retrievals were achieved by late June 1977. The first four

flight retrievals were made using the "Sky Eye" RPV. It was guided into the

retrieval window by an operator usig visual-guidance radio control of the

RPV. Following these tests, the Army Aquila RPV was used in the nt 36

flight retrievals, of which the last 30 were made with a closed-loop RPV con-

trol system using a semiautomatic retrieval guidance system and the RPV

autopilot system. Figure 106 shows the Aquila In the process of deceleration

just after engagement with the vertical barrier net; Figure 107 shows the RPV

nearly fully arrested by the vertical barrier net; and Figure 108 shows the

vehicle at rest In the horizontal landing not at the conolusion of a successful

flight retrieval.

Based on the data and results of the development test program, however, the

field Installation of the Vertical Barrier Retrieval System was modified in two

respects. First, the length of the landing =9 was increased fram 45 to 60 ft,

to increase th dietso, betwee ts point of RPV Impact on the landing not and

30T
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the end of the horizontal landing net. A desirable secondary effect of this

change is to reduce slightly the maximum vertical deceleration forces Induced

Into the vehicle from those shown in FIgure 104.

Second, the hold-back force on the energy absorbers was Increased from 40 to

97 lb. This change was made to increase the capability of the system to main-

tain the vertical barrier net in an erected retrieval position against winds.

In the course of the flight test program, wind effects on the vertical barrier

not Indicated that the currently deployed system with the 97-lb holdback forob
was sufficient to maintain the vertical barrier not in place In winds up to 13.5

knots at a 4, 500-ft altitude on a standard day.

From a military operational standpoint, the Aquila RPV Is capable of flight in

winds to 20 knots gusting to 85 knots at a 4,000-ft altitude on a 95"F day.

Figure 109 shows the estimated capability of a 160-lb hold-back force to main-

tain the vertical barrier net In position against winds at various altitudes for

hot, cold, and standard days. It can be seen that the 160-lb hold-back force

will meet the Aquila RPV flight criteria at the design altitude. This force Is
recommenled for future field test operation in accordance with Aquila RPV

design flight criteria. An emination of maximum tape tonsion force devol-
oped on the energy absorbers shows that the lowest value developed was 200 1b

at an RPV inert test vehicle velocity of about 41 knots. The margin of 40 lb

appears adequate for a proper release of the hold-back on the energy absorber

duing RPV retrievals. This also requires that the RPV have a ground speed

of not les than about 41 knots.

It should be noted from Figure 109 that, at sea level on a standard cold day,

wind ercedig an estimated 38.6 knot will ese the net to fail to remain
ereoded oven wh the 1W-lb hold-back ioro au each meargy absorber. This

all
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occrs because of the Increased air density at sea-level, cold-day conditions
oasmpard with the design coniions - a 961 F day at 4, 000-ft alitde.

Conclusions. A Vertical Barrier RPV Retrieval System tdat hMe been success-
fully developed and deosrtdis far superior to RPV retrieval systems re-
quIring an RPV airborne deployable engagement hook. The Vertical Barrier
Retrieval System design empjhasizes and has demonstrated the following:.

" RPV adaptability (Sky Eye and Aquila successful retrievals)
"No requirement for RPV airborne retrieval equipmentI

e Selection of retrieval system orientation to accommodate change in
wind direction

" Retrieval at unprepared sites (Fort Ruachuca, environments)
" System mobility (trailer-mounted for RPV retrieval and transportation

to new sites)



.Section VI

SITE SETUP AND SYSTEM OPERATION

The guidelines used for developing the site setup and system operation of the

Aquila Program were as follows:

" Operation from unprepared site

" Minimum personnel required

" Minimum skill level

" Simplicity of operation

* Minimum setup-operation time

Since the requirements of the RPV-STD program addressed operation in a field

environment using a mini-RPV system with greater payload, performance, and

navigation capabilities than previously demonstrated, a semiautomatic operating

system, which placed the complex operating burdens within the computerwas
proposed. Thus, the man/machine interface could be greatly simplified if the

difficult operator tasks could be identified aud automated.

To Identify the tasks required for completion of the basic Aquila mlsslons,a

functional flow analysis was performed that covered every aspect of system

operation. Since this study preceded many of the hardware design funotions it

drove, rather then reflected, many of the Aquila operating system parameters.

This study also highlighted the significant man/machine interface requirements.

" GCB initialization

* Waypont programming
" Searoh/loter programming
" Prelwnoh RPV checkout
" hbm&h RPV omnd-status

" Recovry

9a4



An individual study of how each of these Interfaces was developed is presented

in section 6.2.

The site setup and site geometry evolved from the performance capabilities-

limitations of the RPV, launcher, and retrieval system. The RPV performance

specifications (i.e., weight, velocity, rate of climb) were the driving factors in

the launcher and retrieval system design. A detailed discussion of site geometry

evolution is contained in the following section.

6.1 SITE SELECTION AND GEOMETRY

The driving factors for site selection and geometry were launch, recovery, ind

RPV control. Launch and recovery constraints are similar In nature and will

be discussed together.

6.1. 1 Launch and Recovery Constraints

Because of limitations in the RPV longitudinal acceleration forces of *6 g, both

launch and recovery velocities were minimized. Since the stall speed of the

Aquila baseline vehicle was #4S6 knots, launch and recovery operations with a

20-knot tallwind would have required prohibitively long launch rails and retrieval

net runouts to ensure acceptable aoceleration-deceleration forces. Therefore,

the dual-direction launcher-retrieval concept was selected. Launch and re-

trieval analyses were run on a 6 degres-of-freedom compAer model of the

EPV using wind velocities up to 20 knots (steady state), with gusts up to 35 knots.
The wind directions were varied from direct headwind through crosswind to di-

root tailwind. As expected, the model displeyed system failure with strong tail-

wind, bet verified sfe operation under all wind conditions that contained no

tsilwiad ommpnts, even up to the 35- W reosswind gusts. Placing the

lamher on a MM truck allowed full mobility and choice of limch direction.

For retrieval, the net system was designed to accept recovery from two oppo-

site directions, with only minor adjustments required to switch direction.

(Thus, one placement of the recovery system to recover Upwind and downwind

with respect to the prevailing wind would banow rettheval irder all specified
wind conmtm.)

i



The next concern was recovery (or glide slope) angle. A steep recoverygangle

minimized the requirement for clearing ground obstacles and eased the criteria

for site selection. However, the steeper recovery angles required addition of

larger drag brakes to maintain acceptable recovery velocities. Because of

weight-complexity constraints on the RPV, the drag brake chosen wip a one-

shot system. Activated by springs, and deployed by a solenoid, the drag brake

was deployed prior to recovery and could not be retracted In flight. Since the

area In front of and behind the net had to be equally free of olstructions to

allow bidirectional recovery, the "balanced field concept" was adopted. This

concept states "there is no utility in designing a flight vehicle which can take off

from a short field but requires a longer one to land upon or vice-versa." As

applied to the Aquila RPV, increasing the recovery egle necessitated a larger

drag brake area, which in turn decreased the recovery "abort ' rate-of-climb.

Thus an increase in the recovery angle causes a ltcrease in the abort climb

angle, resulting in no net reduction in terrain prfparation since operation in

both recovery directions must be anticipated. Aftei, analysis of several recovery

angles - 2, 4, 6, and 8 dog - the 4-deg recovery angle was selected because the

RPV with a drag brake sized for this angle was capable of a 4-deg abort climb

angle. Therefore, maximum terrain clearance during recovery was provided

with the 4-deg glide slope.

To allow sufficient terrain clearance for this configurstion, both approach paths

should be cleared of obstacles whioh are hier ft 2 dog above the horizon, for

a distseo ofl, 000m, witdn 45 dog of eah ide o the projected retrieval

cmmerline.

Snoo the RPV has the drag baks stosd dnto Imcb, te launch rate of climb
eceoeds 4 dg and no addifteml torr elmee oemefants are impased during
Watch.



6.1.2 RPV Control Requirements

Control of the RPV was the other significant constraint in site selection. Con-

sidering the maximum slew rate of the tracking antenna, RPV flight perpendic-

ular to the antenna at distances closer than 15 m would cause the antenna to lose
track of the vehicle. Tus 15 m Is the minimum acceptable spacing between the

tracking antenna and the launcher or the retrieval system. For similar reasons
the GCS van was placed perpendicular to the directions of retrieval to prevent

loss of track during recovery or abort operations.

At the frequencies used for command control of the Aquila RPV, the range is
essentially line of sight. The GCS van must be located in an area which pro-
vides unobstructed fields of view of the launcher retrieval system and areas of

anticipated flight operations.

6. 1. 3 Additional Site Considerations

Although not as significant as the above constraints, the following site selection
guidelines are presented:

" Access. Although all components are capable of mobile deployment,
operation in areas with limited access should not normally be considered.

" Size. Total site size is partially determined by cable lengths and mini-
mum spacing requirements. A typical site should be appronimately 108

by 72 m and should vary in elevation no more than 6 m within its bud-

aries. Since no two sites are totally similar, It Is necessary to con-
sider safety, ease of operation, and capability of performing the mission

as the main objectives during site selection.

6.2 SYSTM OPURATIOII

After initial hadwre was developed, the system operation farther evolved durin

s Perod of "M tsth at Crows LInd IALF, Calioria, and Fort Ruohuoa,

Arsmsf. Tis was tho first opgortkmty for the oompoimnts to be operated fly



and together in a field environment, and many improvements to the overall sys-
tem resulted from these field tests. Evolution of the key elements of system
operation is discussed in this section.

6.2.1 OCS Initialization

Initialization of the OCS tracking antenna Is required for accurate location of the

RPV and targets during flight. The UTM coordinates of the antenna must be
known to +10 m, and the antenna bearing must be referenced to within 1.0
mradian of grid north.

The antenna location problem was easily solved by converting the range and
bearing from the benchmark to the antenna into rectangular UTM coordinates
using the site computer. Using the theodolite and surveyors tape provided for

this purpose, accuracy of +2 m was easily achieved.

Alignment of the antenna to grid north is a more difficult problem. A prism
was mounted in a bracket on the back of the tracking antenna facing exactly 180
dog away from the azimuth of the tracking antenna beam. The prism acts as a
retro-reflector in the vertical plane and as a mirror in the horizontal plane.

To align the antenna, the radome is removed from the antenna, and the theodo-

lite which was first Initialised on the north sighting stake, is now rotated to view
the antenna. The antenna Is now rotated electrically, or manually, to face the

prism toward the theodolite. Initially a xenon beacon was used to complete the

fine adjustment; however, field operation proved easier than anticipated and a
more direct method is now used. The theodolite operator moves to either atde

of the theodolite, while watching the prism, to see his reflection. Once his re-
flection is found, he "walks in" the reflection by signaling the antenna operator

to move the antenna in small increments until he can see his reflection while

standing behind the theodolite. At this time the theodolite is used to zero in the
asimuth. When the theodolite's imee on be viewed In the prism by looking
through the .theodolite, the systm is Mated. The eodolite azimuth

816



and elevation values are recorded and entered into the computer via the site set-

up program while the antenna is still in this position. This procedure has been

used for all antenna initializations at Fort Huachuca and has proved capable of

consistent accuracy to :1 .0 mradian.

6.2.2 Waypoint Programming

Waypoint programming has not changed since its inception early in the Aquila
program. For convenience, and to provide growth capabilities, 100 waypont

registers (00 to 99) were set aside for waypoint data storage. Each register con-

tains all of the data required to fly to that point - waypoint coordinates, altitude,
and airspeed. To allow for special waypoint modes, the registers were allocated

In the following manner:

* Register 00-49 For Waypoint Navigation

e Register 50-59 For Dead Reckoning

* Register 60-69 For Search

* Register 70-79 For Loiter

e Register 80-89 For Primary Recovery Path

e Register 90-99 For Secondary Recovery Path

Registers 50 through 79 are not used in the conventional manner, but are used

as storage for special parameters specifying the type of flight profile to be

followed.

The waypoint system was first operated successfuly at Fort Huachua. ince
that time, chaps have been made in the guidance equations to optmie per-

formanoe the RPV In following the planned ground track over a wider range of
airspeeds, and at extended distances from the groun site. These Improvetents
have been Imp -mted enorely In the software by obanlg ait terms, aver-
aging data, mid adding an integral term to the guidance equation to "twas cup,
bias errors. All waypaint modes - waypo nt, dead reckoning, loiter, and
seorh - bave been demonstrated In the field, and are now performed in a

r-ate mamer.



6.2.3 Prelaunch RPV Checkout

Initial prelaunch RPV checkout was conducted In the field by an LMSC test-
engineering team. A high number of redundant, detailed tests were performed
during the first 20 or so flights to establish a data base for tactical RPV check-
out requirements. The prelaumch checkout Is now performed semiautomatically.
Additions to the prelaunch software program of automatic computer "go/no-go"l
checks, and the deletion of nonrequired checks have both combined to ensure a
thorough RPV prelaunch checkout in a fraction of the time once used. For exam-
ple, the ftrst test flights conducted at Fort Huadhuca required prelaunch RPV
checks of 2 days duration; current Army prelaunch checks with the semiautomatic
system require 1-1/2 hours. Additionally, the computer is able to check the
yaw-roil gyro and engine response more accurately than the human operator.

6. 2.4 Inflight RPV Command-Status

Inflight command-status design has not changed from the initial configuration
first tested at Crows Landing. The flight commands are sent to the RPV using
three basic data words - altitude, airspeed, and heading rate. Additional dis-
crete words are used for flight-control mode commands. Although no automatic
flight modes were verified at Crows Landing, the three basic autopilot loop com-
miands were all exercised. From the first flights at Crows Landing, RPV status
has been calculate and displayed in thme gron statics by the computer. Onwe
initial software "btW" were eliminated, the mInlight status displays have dexms-
strated thei usetlness for mniatering the RPV and, assisting in the diagaosis of
srsteon lhoias A adt WM& lilg mrgemay pyocedures has bees cm-
piled fbr un wilb these displays. Rooam*l, -u InfIgh dianotc -ea was

~ie to as system to pe via@ odutioad Informatdn on tS OeMMami uliht
modes and WelMeby sahs.



6.2.5 Recovery

Recovery operations have undergone the greatest change of all Aquila system

operations. Because of the limited space and time available at Crows Landing,

the testing there was conducted using temporary tricycle landi gear and no

testing of the laning system was possible. During the first flights at Fort

Huachuca, the RPVs were recovered in a horizontal net by flying a vehicle sus-

pended hook into an array of arresting lines. The RPV was flown in a direct

remote control mode, like a conventional RC model airplane during final ap-

proach. The RC pilot was positioned behind the net. Although data were ob-

tained at this time on the ability of the ground recovery camera to locate the

RPV, ne automatic recoveries were attempted. These initial recovery attempts

also highlighted many problems inherent In the hook/arresting-line recovery

system, forcing abandonment of that technique. Full 6 degrees of freedom non-

linear, digital computer simulations of the recovery guidance equatilons were

run, at this time, as well as "man-in-the-loop" analog computer simulations.

In a similar manner as with the waypoint equations, gains were optimized and

an integral term was added to the heading rate guidance equation to compensate

for bias errors. The simulations demonstrated a high degree of success with

these changes. When flight operations were resumed using the new vertical

barrier net, a series of suceossful flights and recoveries were made using the

RC mode for recovery. These flights demonstrated the feasibility and relia-
bility of the new barrier net.

6.2.6 Procedures

During the total period of evolution of the system, the functions required for sys-

tem opention hare been reviewed and oheuged as necessary to reflect the cur-

ret operaion of the system. Thse factions have been compiled Into a

d gud maia, (eteen 10).



The manual covers all aspects of system operation, from site setup through
RPV recovery. Current system emergency procedures are included in an

appendix.

The manual defines operation of the system in a test configuration at Fort
Huachuca. Many similarities exist between these procedures and tactical

operating procedures; however, they must be considered as only a guide to
system operation when used in operations simulating a tactical system.
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Section VII
CONCLUSIONS

Evolution of the Aquila Remotely Piloted Vehicle System Technology Demov-

strator Program hardware was conceived to provide the Army with representa-

tive tactical RPV field experience without the cost and time normally required

for full system development. Use and adaptation of existing, proven hardware

and the use of commercial grade components did, Indeed, provide for early flight

test (11 months from program Initiation). The system initially did not performz

with suffloient reliability, however, and additional development and testing was
required before operations became routine. Based on the results of the pro-

gram and Its implications relative to modern RPV systems and their develop-

ment, the conclusions are:

e Application and adaptation of existing system elements, and use of

commercial components, coupled with limited system development
produced an effective RPV system technology demonstrator for the

Army at a fraction of the cost of a full engineering system development.
e An effective tactical RPV system can be accomplished with complete

engineering development and an upgrading of component reliability to

provide the reliability and effectiveness required by the Army in the
taotioal environment.

lI -
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